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The overall objective of this thesis was to gain further understanding of the nonenzymatic mechanisms involved in brown-rot wood decay, especially the role of pH,
oxalic acid, and low molecular catecholate compounds on the dissolution and reduction
of iron, and the formation of reactive oxygen species. Another focus of this study will be
the potential application of a biomimetic free radical generating system inspired from
fungi wood decay process, especially the non-enzymatic mechanism.

The possible pathways of iron uptake and iron redox cycling in non-enzymatic
brown-rot decay were investigated in this study. UV-Vis spectroscopy and HPLC were
employed to study the kinetics and pathways of the interaction between iron and model
catecholate compounds under different pH and chelator/iron molar ratio conditions. Iron
chelation and reduction during early non-enzymatic wood decay processes have been
studied in this thesis. The results indicate that the effects of the chelator/iron ratio, the pH,
and other reaction parameters on the hydroxyl radical generation in a Fenton type system

can be determined using ESR spin-trapping techniques. Data also support the hypothesis
that superoxide radicals are involved in chelator-mediated Fenton processes. The
mechanisms involved in free radical activation of Thermal Mechanical Pulp fibers were
investigated. The activation of TMP fibers was evaluated by ESR measurement of free
phenoxy radical generation on solid fibers. The results indicate that low molecular weight
chelators can improve Fenton reactions, thus in turn stimulating the free radical activation
of TMP fibers. A mediated Fenton system was evaluated for decolorization of several
types of dyes. The result shows that the Fenton system mediated by a catecholate-type
chelator effectively reduced the color of a diluted solution of synthetic dyes after 90
minutes of treatment at room temperature. The results show that compared to a neat
Fenton process, the mediated Fenton decolorization process increased the production, and
therefore the effective longevity, of hydroxyl radical species to increase the
decolorization efficiency.
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Chapter 1
INTRODUCTION

1.1. Review: Recent Progress in Research on Non-enzymatic Mechanisms Involved
in Wood Decay by Brown-Rot Fungi, and Its Biotechnological Applications.

Our current knowledge of the non-enzymatic mechanisms involved in brown-rots
is reviewed in the following sections. The application of non-enzymatic bio-mimetic
systems in a variety of biotechnological processes such as deinking, recycling, and
bioremediation will be reviewed as well. Also discussed in this chapter are the main
objectives of this study and the corresponding research approaches.

1.1.1. Fungal Degradation of Wood.

Wood is the world’s most abundant renewable resource and is used as fuel, in
building materials, paper products, and other structural products. The current annual
global wood consumption is about 3.5 billion cubic meters, and this figure has increased
over 65% since 1960 (Martinez et al. 2005). Recent advances in cellulosic ethanol
technology has also introduced new ways to convert woody materials into biofuels
(Louime and Uckehmann 2008). With soaring demand for commodities from fastdeveloping resource-hungry countries such as China and India, much higher future
consumption of wood is expected. However, wood is utilized not only by human beings
but specific microorganisms, insects and marine borers as well. Among these, fungal
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wood decay is the most serious form of microbiological deterioration, which not only
leads to large annual losses of timber and other wood products, but also causes structural
failure of wood building materials. However, wood decay fungi also serve very important
ecological functions in terrestrial ecosystems, and therefore play a critical role in the
global carbon balance and other biogeochemical cycles. Especially in northern coniferous
forests, brown rot fungi are the predominant wood degrading microorganisms that play
an important role in the release of CO2 and the formation of soil humic residues for
sequestration of large volumes of terrestrial carbon (Thurston 1999).

Fundamental fungal wood decay studies are essential in the development of new
environmentally friendly methods for protecting wood. In addition, knowledge about the
biochemical systems of decay fungi can serve other purposes as well, including the
advancement of processes ranging from biopulping to new ways of producing new
chemicals and biofuels. New insights into the basic wood decay mechanisms can also
result in further biotechnological applications, such as deinking, recycling, and
bioremediation. Therefore, understanding fungal wood decay mechanisms has significant
ecological, economic, social, and technological implications.

Wood decay fungi may be divided into three categories (Goodell et al. 2008):
white-, brown-, and soft-rot fungi, where white- and brown-rot fungi are the two most
important wood-destroying organisms. Brown- and white-rot fungi decay wood by
distinctly different mechanisms. Most white-rot fungi utilize cellulose, hemicellulose, and
lignin at rates similar to the relative amounts originally present in the wood. A few white-
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rot fungi, termed selective white rot fungi, remove lignin and hemicellulose preferentially
during early stages of decay. In contrast, most brown-rot fungi only utilize cell wall
hemicelluloses and cellulose, leaving the lignin essentially undigested, but modified
(Goodell 2003).

Brown-rot fungi, which preferentially attack softwoods (Liese 1970, Wilcox et al.
1974), represent less than 10% of wood-rotting basidiomycetes. This small group of
basidiomycetes is able to degrade wood polysaccharides without metabolizing lignin;
however, partial modification and demethoxylation of the lignin structure is observed
(Filley et al. 2002, Niemenmaa et al. 2008). In early stages of decay, extensive
depolymerization of the cellulose within the wood cell wall occurs at very low weight
loss, and causes the wood to rapidly lose strength in comparison to the rate of wood
metabolism. In later stages of decay, the wood is converted to a brown fragile residue
with checks across the grain (hence the name).

In spite of considerable research, the detailed decay processes employed by wood
decay fungi, especially brown-rot fungi, are incompletely understood and still need
further investigation (Goodell 2003). It is believed that both enzymatic and nonenzymatic mechanisms are involved in white-rot and brown-rot decay. Compared to nonenzymatic systems, the enzymatic systems have been studied more extensively, and the
cellulolytic and lignolytic enzymes in white- and brown-rots are well isolated and
characterized (Baldrian and Valaskova 2008, Hatakka et al. 2002, Mansfield et al. 1998,
Stalbrand et al. 1998). For brown-rot fungi, the non-enzymatic systems are more
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important since it has long been recognized that enzymes are too large to penetrate into
the intact wood cell wall to produce the extent of cellulose degradation observed in early
stages of fungal attack (Cowling 1961, Flournoy et al. 1991). It has also been observed
that acid hydrolysis and various strong oxidants have a similar effect on cellulose
degradation to brown-rot decay. Therefore, Halliwell proposed the possible existence of a
Fenton-type non-enzymatic system in the microbial breakdown of fibrous cotton
(Halliwell 1965).

1.1.2. Non-enzymatic Mechanisms Involved in Brown-Rots

Researchers have made significant advances in understanding the mechanisms
that brown rot fungi use to degrade wood, in particular with regard to understanding the
components involved in non-enzymatic degradation which initiate brown rot attack.
Reactive oxygen species (ROS) are known to function as intermediates in many
biological reactions, and have long been considered a candidate that at least partly
responsible for lignocellulose degradation during early stages of brown rot decay
(Goodell et al. 1997, Illman et al. 1989, Koenigs 1974). The hydroxyl radical, the most
powerful oxidant known in biological systems (Hippeli and Elstner 1997), has received
the most attention among the oxygen radical species as it is well known that the
production of hydroxyl radicals via Fenton chemistry is closely associated with the nonenzymatic brown-rot decay process (Backa et al. 1992, Cohen et al. 2002, Goodell et al.
1997, Hirano et al. 1997, Kerem et al. 1998).
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-

Fe2+ + H2O2 -> Fe3+ + OH + OH

(Fenton Reaction)

It is also recognized that low molecular weight iron reducing compounds are
necessary to initiate the Fenton reaction within the wood cell wall. Extensive research has
focused on the isolation and characterization of the low molecular weight decay agents
involved in brown rot decay (Goodell et al. 1997, Tanaka et al., 1994; Jellison el al. 1991,
Green et al. 1991, Hyde and Wood, 1997). Prior research had shown that low molecular
weight phenolate compounds produced by the brown rot fungus Gloeophyllum trabeum
could assist in the redox cycling of iron, which then in turn enhances the production of
hydroxyl radicals via Fenton chemistry (Chandhoke et al. 1992, Jellison et al. 1991).
Further research in this area has confirmed the validity of this mechanism and has
identified several specific catecholate and hydroquinone derivatives compounds produced
by G. trabeum that function to mediate the Fenton reaction (Goodell et al. 1997, Hammel
et al. 2002, Paszczynski et al. 1999, Rodriguez et al. 2001, Shimokawa et al. 2004,
Contreras et al. 2007).

Iron plays an important role in the non-enzymatic degradation of wood, in part
because of its involvement in the Fenton reaction. However, in natural environments, iron
is present predominantly as ferric iron (or more commonly, as iron oxides and
oxyhydroxides) which must be dissolved and reduced to ferrous iron to participate in
Fenton reactions. The hydroxyl radical is the most powerful and indiscriminative oxidant
in biological systems, but has a very short half-life (10-9 s). Therefore, in order to
function optimally, a non-enzymatic Fenton system must satisfy two conditions: 1) the
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hydroxyl radical must be generated at a distance from the hyphae to avoid potential
damage to the fungal hyphae itself; and 2) the Fenton system must be activated within the
secondary wood cell wall because of spatial diffusion limitations. Therefore, a
mechanism must exist to generate Fenton substrates (ferrous iron and hydrogen peroxide)
on-site, or at least one of them needs to be able to diffuse into the cell wall. Several
hypothetical mechanisms for production of Fenton reagents have been proposed and have
been investigated (Goodell et al. 1997, Hirano et al. 2000, Hyde and Wood 1997, Kerem
et al. 1999).

Cellobiose dehydrogenase (CDH) is an extracellular enzyme produced by some
basidiomycetous fungi. It has been proposed that CDH may catalyze the reduction of iron
to assist the Fenton reaction (Henriksson et al. 2000, Hyde and Wood 1997). In this
model, CDH reduces Fe3+ to Fe2+ in a low pH region, near the fungal hyphae, where the
Fe2+ complex is relatively stable. The Fe2+ complex then diffuses to a higher pH region
where the Fe2+ complex then undergoes autoxidation to generate H2O2. This ensures that
hydroxyl radicals will be generated only at a distance from the fungal hyphae, probably
within the secondary wood cell wall. However, it is assumed in this hypothesis that H2O2
production depends entirely on Fe2+ autoxidation, and that most brown rot fungi produce
the CDH enzyme. The potential problems associated with this model are that most brown
rot fungi have been found not to produce CDH; and extracellular H2O2 may also be
produced by the reduction of O2 by CDH, or by other H2O2 producing enzymes.
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Quinone redox cycling is another mechanism proposed for extracellular Fenon
chemistry. Catechol and hydroquinone derivatives in a chelating fraction isolated from
Gloeophyllum trabeum have been identified, and their iron reduction capabilities have
been documented (Paszczynski et al. 1999). Kerem et al. (1999) and Cohen et al. (2002)
also confirmed the presence of an extracellular hydroquinone-driven Fenton system in
brown rot fungi. In their hypothesis, extracellular quinone can be reduced by quinone
reductases to its hydroquinone form, which then reduces Fe3+ to Fe2+ and produces a
semiquinone radical. The semiquinone in turn reduces O2 to give a quinone and H2O2,
thus generating the required components of the complete Fenton system. This model
assumes that fungi can reduce quinone to hydroquinone. Although quinone reductases
capable of carrying out this reduction have been isolated, it is not possible for these
enzymes to diffuse into the intact wood cell wall. Consequently, quinone redox cycling
by enzymes to generate hydroxyl radicals may not occur within the wood cell wall at
least not during the initial stages of degradation.

Goodell et al. (1997, 2003) proposed another possible brown-rot non-enzymatic
mechanism. In this mechanism, catecholate type low molecular weight compounds are
responsible for iron reduction. At the low pH environment around fungal hyphae, these
compounds are weaker chelators than oxalate, and oxalate binding at that pH solubilizes
the iron while at the same time preventing iron reduction, thus preventing the hyphae
from damage by hydroxyl radical formation. At a distance from the hyphae such as
within the cell wall, the pH increases and oxalate has decreased affinity for iron, which
leads to the sequestration of the iron and subsequent reduction of Fe3+ to Fe2+ by

7

catecholate chelators. Even though this model is more reasonable based on available
evidence we have, it is by no means complete, and more work is needed to assess and
confirm these possibilities.

One of the objectives of the research in this thesis was to identify the biological
and chemical processes involved in non-enzymatic brown-rot decay that need further
investigation, and to either confirm or refute existing hypotheses with the experimental
results. In the following sections and chapters, the research directions that need further
study will be identified and the corresponding research approaches will be discussed.

1.1.3. Non-enzymatic Decay Mechanisms and Their Biomimetic Applications

Bioremediation: Certain fungi, in particular white-rot fungi, have been studied
extensively for their biotechnological applications, especially in the fields of biopulping
and bleaching, bioremediation, and bioconversion of biomass (Bishnoi and Garima 2005,
Chang 2008, Fackler et al. 2007, Ferraz et al. 2008, Kumar et al. 2008). It has been
demonstrated that both white-rot and brown-rot wood decay fungi can be successfully
used in bioremediation processes to remediate a variety of organic pollutants and heavy
metals (Aust et al. 2003, Boopathy 2000, Kartal et al. 2004, Kramer et al. 2004, Novotny
et al. 1997). Enzymes are often identified as the primary degradative agents in the whiterot fungi, and the hydroxyl radical is an important primary degradation tool for the
brown-rot fungi. However, hydroxyl radical activity has been detected in both white-rot
and brown-rot wood degradation (Backa 1993, Backa et al. 1992, Enoki et al. 1992,
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Goodell 2003, Tanaka et al. 1999, Tornberg and Olsson 2002). There is also clear
evidence that extracellular Fenton chemistry is involved in the degradation of various
model organic compounds by several brown-rot species (Kramer et al. 2004, Kartal et al.
2004).

Wastewater Treatment: For many textile and paper finishing plants, removing
color from industrial effluents is a major issue in wastewater treatment. Biological
treatment is a commonly used method, and biodegradation of dyes by anaerobic and
aerobic microorganisms has been studied extensively over the past several decades.
However, bioremediation processes usually have specific storage and treatment
requirements such as growth media, substrate scaffolding, or temperature conditions,
which make these systems less feasible for use in some remediation applications. Also for
some of the more persistent synthetic dyes and pollutants, biological treatment often is
not adequate to produce complete degradation of the target compounds, and more
powerful chemical oxidation processes are often used as primary treatment methods. The
use of oxidation processes to remove various pollutants has been the subject of study for
many years. A variety of oxidation processes have been developed, such as Fenton,
photo-assisted Fenton, UV irradiation with H2O2, O3/ H2O2, H2O2/solid catalyst,
TiO2/UV etc. various combinations of these activators. Among them, the Fenton process
is probably the most widely used oxidative remediation process because of its simplicity
and effectiveness. The Fenton process is known to be very effective in the removal or
degradation of many hazardous organic pollutants from water. Its main advantage is the
complete destruction of contaminants to harmless compounds, such as CO2, water and
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inorganic salts (Suty et al. 2004, Yoon et al. 2001). The Fenton process has been
successfully used in the remediation of common organic and heavy metal wastes
persistent in the environment, such as wood preservatives, pesticides, bleach plant
effluents, synthetic dyes, and polycyclic aromatic hydrocarbons (Kavitha and Palanivelu
2003, Perez et al. 2002, Zapf-Gilje et al. 2001).

Hydroxyl radicals typically have very short lifetimes, which greatly reduces
treatment efficiency and limits the application of systems that generate hydroxyl radicals.
The approach this research will take is to bring together the knowledge produced by
current research on non-enzymatic wood decay mechanisms employing modified Fenton
chemistry, fungal bioremediation of toxic materials, and the conventional oxidation
processes for pollution treatment, to formulate a novel biomimetic process for waste
water decolorization and remediation. The concept is to use a chelator mediator that has a
structure similar to that of the iron-reducing chelators isolated from brown-rot decay, to
mediate the Fenton reaction by regenerating fresh Fe2+ continuously. In this study, a
mediated Fenton reaction system which mimics the non-enzymatic wood decay system
was being used for the oxidative decolorization of synthetic dyes.

Autobonding of lignocellulose: Fenton based chemistry can also be utilized in
composite applications. Bonding of lignocellulosic material is essential for the
manufacture of traditional wood-based composites. For example, the manufacture of
fiberboard usually involves the application of thermosetting resins to lignocellulosic
fibers, which are then formed into a mat, and hot pressed into a fiberboard panel. It has
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previously been shown that a lignin-rich wood fiber surface can be activated by chemical
and enzymatic means, which provides lignin the functionality of a self-bonding adhesive
(Felby et al. 1997, Kharazipour et al. 1997, Kharazipour et al. 1998). Most of these
autobonding processes are based on the generation of radicals on the surface of fibers so
that the fiber can be pressed into boards without additional adhesives. The adhesion effect
is likely due to phenoxy radicals formed on the fiber surface that may facilitate hydrogen
bonding, the coupling of phenoxy radicals, or the reactions of fiber radicals with other
reactive groups present in the fibers during hot pressing (Felby et al. 1997, Huttermann et
al. 2001). Wood fiber radicals have been generated either by treatment using
phenoloxidases (Felby et al. 2002, Widsten et al. 2002), γ-irradiation or Fenton’s reagent
(Widsten et al. 2003), or by a biomimetic Fenton system inspired by non-enzymatic
decay mechanism (Yelle et al. 2004). Improved mechanical strength and thickness swell
of fiberboards have been observed in these studies. Despite the potential of this system
for limiting or eliminating the use of expensive adhesive systems in the wood industry,
the mechanism of free radical generation and interaction during fiber treatment is still
unclear. Therefore, an additional objective of this thesis was to evaluate the free phenoxy
radical generation on fiber surfaces during the activation of TMP fibers using a
biomimetic Fenton system. The activation of TMP fibers was evaluated by ESR
measurement of phenoxy radical generation on the solid fibers. The generation of
hydroxyl radicals in a fiber activating system was also studied using ESR spin-trapping
techniques and indirectly through chemiluminescence measurement.
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1.2. Dissertation Objectives and Approaches

The overall goal of this dissertation was to gain a further understanding of the
non-enzymatic mechanisms involved in brown-rot wood decay, especially the roles of pH,
oxalic acid, and low molecular catecholate compounds on the dissolution and reduction
of iron, and the formation of reactive oxygen species. The practical objective was to gain
a better understanding of the effects of these factors on the lignocellulosic degradation
and to explore potential applications of the biomimetic free radical generating system
inspired from fungi wood decay process, especially the non-enzymatic mechanism.

Specifically, the objectives pursued in this study were to explore:

1. The effect of pH, oxalic acid and catecholate compounds on the dissolution and
reduction of iron oxides and iron oxyhydroxides;

2. The kinetics and pathways of iron redox cycling by catecholate compounds and
their implication in non-enzymatic decay mechanisms;

3. The quantification of reactive oxygen species (ROS) in a non-enzymatic model
system;

4. The activation of wood fibers by a biomimetic Fenton system as evaluated by
direct ESR measurement of phenoxy radical generation on solid fiber surfaces;
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5. The decolorization of synthetic dyes using a biomimetic Fenton system. The use
of dyes as a model for assessing the effectiveness of this mediated system in the
remediation of other pollutants such as wood preservatives, chlorophenol, and
other hazardous waste organic compounds.

In this research, various analytical techniques were used to study non-enzymatic
wood decay processes and to evaluate fiber activation and dye decolorization by a
biomimetic Fenton system. Results obtained for these objectives will be further discussed
in the following chapters:

Chapter 2 - The role of pH, oxalate, and catecholate compounds in the formation of
reactive oxygen species during non-enzymatic wood decay by brown rot.

Chapter 3 - The effect of low molecular weight chelators on iron chelation and free
radical generation as studied by ESR measurement.

Chapter 4 - The effect of hydroxyl radical generation on free radical activation of TMP
fibers.

Chapter 5 – Decolorization and degradation of dyes with mediated Fenton reaction.
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1.3. Conclusions

Fundamental research on wood biodeterioration may lead to enhanced
advancements in our understanding of natural and applied processes ranging from carbon
cycling to bioprocessing of lignocellulose. This research may also help to foster new
thinking in the study of iron, oxalate, and low molecular weight compounds involved in
non-enzymatic decay mechanisms. Understanding the basic mechanisms involved in the
biodegradation of wood by microorganisms has theoretical implications, but in addition
to the aforementioned applied aspects it will also permit innovation in the development of
appropriate methods for wood and wood products protection. Further, it may also lead to
cost effective and environmentally friendly biotechnological applications, ranging from
the clean up of recalcitrant organic pollutants to the generation of adhesive products from
lignin autoxidation.
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Chapter 2
THE ROLE OF PH, OXALATE, AND CATECHOLATE COMPOUNDS IN THE
FORMATION OF REACTIVE OXYGEN SPECIES DURING NON-ENZYMATIC
WOOD DECAY BY BROWN ROT

2.1. Chapter Summary

The objectives of this thesis chapter were to study the possible pathways of iron
uptake and iron redox cycling in non-enzymatic brown-rot decay; especially the effect of
pH, oxalate, and catecholate- or hydroquinone-based compounds on the dissolution of
iron oxyhydroxide, and the redox cycling of ferric iron by catecholate- or hydroquinonetype compounds. UV-Vis spectroscopy and HPLC were employed to study the kinetics
and pathways of the interaction between iron and model catecholate compounds under
different pH and chelator/iron molar ratio conditions.

2.2. Introduction

Researchers have made significant advances in understanding the involvement of
reactive oxygen species and the non-enzymatic mechanisms that brown rot fungi use to
initially degrade wood. This is particularly true with regard to understanding Fenton
chemistry (Fe2+ + H2O2 -> Fe3+ + HO• + HO-). Fenton chemistry plays an important role
in the early stage of brown-rot decay (Backa et al. 1992, Cohen et al. 2002, Goodell et al.
1997, Hirano et al. 1997, Kerem et al. 1998, Paszczynski et al. 1999, Tornberg and
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Olsson 2002), as large fungal enzymes cannot penetrate the pores of the wood cell wall to
depolymerize the holocellulose. In addition, the Fenton reaction has been postulated to
occur at a distance from the hyphae, preventing damage to the fungus. The reaction
preferably occurs within the wood cell wall because of this, but also because the hydroxyl
radicals formed have an extremely short half-life and would be unable to diffuse from the
environment surrounding the fungal hyphae into the wood cell wall. Prior research has
shown that an extracellular low molecular weight chelator of catecholate derivation,
produced by the brown rot fungus Gloeophyllum trabeum can catalyze the production of
hydroxyl radicals in a mediated Fenton reaction (Goodell et al. 1997, Jellison et al. 1991).
These extracellular compounds produced by G. trabeum have been identified by
Paszczynski et al. 1999, Cohen et al. 2002, and Shimokawa et al. 2004.

In the natural environment, iron is commonly present as ferric iron oxide or
oxyhydroxide forms, which must be sequestered and reduced to ferrous iron to participate
in Fenton reactions. Oxalic acid secretion by brown rot wood-degrading fungi has been
proposed to play important roles in iron sequestration, pH control, and iron redox
cycling in non-enzymatic brown-rot mechanisms (Kaneko et al. 2005, Schilling and
Jellison 2005, Varela and Tien 2003). However, fundamental research on the biological
and chemical processes involved in non-enzymatic wood decay is still ongoing, in an
effort to characterize the exact redox cycling pathways and describe the reaction kinetics
of iron-reducing chelators. An improved understanding of the basic non-enzymatic
mechanisms involved in wood biodegradation is essential for the development of more
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effective and environmentally sound wood protection systems and in developing new
biotechnological applications.

The research objectives and experimental approaches developed in this study (as
outlined in the previous chapter) are discussed in further detail in following sections.

2.2.1. The Effect of pH, Oxalate and Catecholate Compounds on the Dissolution and
Redox Cycling of Ferric Iron and Iron Oxyhydroxides

It is widely accepted that Fenton chemistry plays an important role in the early
stages of non-enzymatic brown-rot decay. Iron, which fulfills a vital need in virtually all
living organisms including wood decay fungi (Crichton 2001, Pierre et al. 2002), is a
crucial component of Fenton system. Research suggests that there must be effective ironuptake and iron-redox pathway(s) by which fungi can accumulate and reduce iron to
support Fenton reactions involved in wood degradation; however, there are several
unknowns in the fungal iron-uptake system, and several barriers to overcome including:

− In natural environments, iron predominantly exists in the oxidized, ferric state, which
tends to hydrolyze to form colloid oxyhydroxide particles with low solubility. In the
absence of added ligands, the solubility of Fe3+ is only 10-9 M at neutral pH
(Chipperfield and Ratledge 2000). This is far below the concentration that most
organisms can uptake directly.
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− Under aerobic conditions, iron is stable as Fe3+, since at neutral pH, E0′Fe3+/Fe2+ =
0.77V vs. E0′O2/H2O = 0.82V (Kosman 2003).

− Fe3+ binds its ligands more tightly than Fe2+, so even under acidic conditions where
iron hydrolysis is suppressed, Fe3+ is relatively inaccessible compared to Fe2+.

There have been many studies on siderophore-based iron accumulation and
reductase-dependent iron uptake/reduction in fungi (Boukhalfa and Crumbliss 2002,
Hersman 1996, Philpott 2006, Pierre et al. 2002). However, these iron reductases are too
large to penetrate into the wood cell wall, and siderophores lack the ability to reduce Fe3+.
Therefore, neither of them would be expected to facilitate a site-specific Fenton reaction
within the cell wall. Microorganisms have evolved various strategies to increase the
availability of iron, which include acidification of the environment, secretion of ironchelating molecules, and the reduction of ferric iron to the more soluble ferrous form
(Philpott 2006).

Most brown rot fungi secret oxalic acid, which has been proposed to function in
facilitating several reactions including the sequestration of iron, the control of pH in the
environment around the fungal hyphae, and also potentially, the formation of H2O2 in
disproportionation reactions (Aguiar et al. 2006, Hyde and Wood 1997, Kaneko et al.
2005, Schilling and Jellison 2005, Varela and Tien 2003). Our recent research also
suggests that oxalate can play an important role in the regulation of hydroxyl radical
generation at site-specific locations within the wood cell wall and at a distance from the
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fungal hyphae (Arantes et al. 2008, Goodell 2003). However, the details of this proposed
mechanism are not clear. Further investigation is required, especially regarding the role
of oxalate and catecholate compounds in iron dissolution and sequestration from the
insoluble iron oxyhydroxide form.

The principles of dissolution of metal oxides have been reviewed earlier (Blesa et
al. 1994). It has been reported (Blesa et al. 1994, Cornell and Schwertmann 1996) that the
common factors affecting the rate of dissolution of iron oxides are properties of the
overall system (e.g. temperature), composition of the solution phase (e.g. pH, redox
potential and concentration of the reductants and complexing agents), and properties of
the iron oxide (e.g. crystalline structure). The pH conditions strongly influence the
dissolution of iron oxides. Protons facilitate the dissolution process by protonating the
OH groups, thereby contributing to a weakening of the Fe-O bond. Non-reductive
dissolution is a simple adsorption process, where ferric ions are transferred to the bulk
solution by a ligand with a high affinity for iron (Lee et al. 2006). In a reductive system,
the dissolution of iron species is facilitated by the reduction of ferric iron to ferrous iron
(Anschutz and Penn 2005). It has been reported that both reductive and non-reductive
processes may be involved in iron oxide dissolution in the presence of oxalic acid or
hydroquinone compounds (Panias et al. 1996, Stack 2006, Stack et al. 2004). Therefore,
one objective of the current study was to investigate the characteristics of dissolution and
reduction of iron oxyhydroxides using a model non-enzymatic system that mimics the
chemical and environmental conditions during initial brown-rot decay.
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It has been proposed that a pH gradient exists (Goodell et al. 1997, Hyde and
Wood 1997) in the environment surrounding brown rot fungal hyphae. It has also been
proposed that in lower pH environments, such as close to the hyphae, catecholate
compounds are weaker iron chelators compared to oxalate, which prevents low pH iron
reduction and damage to the hyphae from Fenton chemistry reactions. At a distance from
the hyphae, the pH in the wood cell wall increases and oxalate has a decreased affinity
for iron. Here the iron sequestration function would shift facilitating iron reduction by
catecholate compounds (Goodell et al. 1997, Goodell et al. 2002). Hyde and Wood
showed that the iron-oxalate speciation was affected by pH. They observed that
increasing the pH from 1.5 to 3.5 in a solution of 10 mM oxalate and 1 mM Fe3+, changes
a 50:50 mixture of 2:1 and 3:1 oxalate-iron complexes almost completely to the 3:1
complex (Hyde and Wood 1997). Thus they concluded that only 1:1 and 2:1 oxalate- Fe3+
complexes were reactive enough to be further reduced. However, in our recent research
(Arantes et al. 2008) we observed that another phenolate chelator model compound (2,3dihydroxybenzoic acid or 2,3-DHBA) was capable of reducing complexed ferric iron
only when the oxalate/Fe3+ molar ratio was less than 20 (pH 2.0) or less than 10 (pH 4.5).
Comparing the iron reduction data vs. the oxalate speciation, we concluded that only
uncomplexed iron or mono-oxalate-iron complex could be reduced by 2,3-DHBA at both
pH levels.

However, there are still no feasible methods for determination of the proposed pH
gradient exists and therefore to measure oxalate-iron complex speciation in the
microenvironment surrounding fungal hyphae. Therefore, one objective of this research is
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to model the non-enzymatic iron/oxalate/chelator system using currently available
environmental parameters, to validate the “pH gradient” hypothesis, and to study the
effects of pH and oxalate concentration on the iron dissolution and reduction.

2.2.2. The Kinetics and Pathways of Iron Redox Cycling by Catecholate Compounds

G. trabeum produces several low molecular weight phenolic compounds with
ortho- and para-dihydroxy moieties (e.g. 2,5-dimethoxyhydroquinone and 4,5dimethoxycatechol) that function to mediate the Fenton reaction by complexing and
reducing Fe3+ to Fe2+ (Paszczynski et al. 1999, Kerem et al. 1999, Hammel et al. 2002,
Shimokawa et al. 2004).

Several publications have described the interactions between iron and catechol,
gallic acid, and pyrogallol using pH titration techniques (Jewett 1997, Barreto et al. 2006,
Sanchez et al. 2005). Three different iron/catechol complexes were found to form
depending on the pH. At pH > 9, a tris species [Fe(cat)3]3- with a maximum absorbance at
483 nm was the main species. In the neutral pH range, a bis complex was formed, which
had a maximum absorbance at 576 nm. At pH values less than 4.5, iron mono-catecholate
Fe(cat) is the dominant species produced with a λmax of approximately 700 nm. It has also
been reported that in low pH environments, Fe3+ will subsequently be reduced concurrent
with catecholate ligand oxidation. The reduction potential for the ferric/ferrous iron
couple (0.749 V) and quinone/catechol couple (0.792 V) at low pH values are similar.
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Previous research also found that in a model system based on the previously
described brown-rot non-enzymatic mechanism, 2,3-dihydroxybenzoic acid and certain
other dihydroxy phenolic compounds may be capable of reducing multiple molecules of
ferric irons. The mechanism behind this non-stoichiometric reduction is still unclear. It is
possible that the catecholate compounds either undergo 1) redox cycling – the
regeneration of semiquinone or hydroquinone probably employing a reaction between
quinone and hydroperoxyl radicals (Chen et al. 2002), 2) the formation of 1,2,4trihydroxybenzene by the water addition to the quinone (Finley 1974, von Sonntag et al.
2004), 3) the breakdown to smaller molecules with iron reducing capabilities (Pracht et al.
2001), or potentially all of these reactions.

The primary objectives of the current chapter were to confirm 1) the hypothesized
pH/oxalate-dependence of iron chelation and reduction by model catecholate compounds,
and 2) to quantify the formation of intermediate products such as benzoquinone, 1,2,4trihydroxybenzene, and the possible oxidative breakdown products (e.g. muconic acid,
malonic acid, and maleic acid etc.). A variety of analytical techniques were utilized in
this investigation, including the Ferrozine test, UV-Vis spectroscopy, and HPLC.

2.2.3. Review of the Functional Compound Parameters Employed in Previous
Brown-rot Non-enzymatic Studies

Simulation of portions of the non-enzymatic fungal decay environment requires
that experimental parameters (such as the chemical type, concentration and ratio, pH,
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temperature, etc.) approximate actual fungal environmental conditions. The primary
components employed in our model non-enzymatic system were iron, hydrogen peroxide,
oxalate, and low molecular weight catecholate/hydroquinone compounds. However,
attempts to quantify the soluble oxalate, iron-reducing chelators, hydrogen peroxide, and
iron in a brown rot environment are limited. This literature is reviewed below.

Iron: Hyde and Wood (1997) used 1 mM of total iron was used in their model
study, but failed to show that this concentration approximates the iron levels in natural
environments. Newcombe et al. also studied the oxalate-iron complex at various pH
conditions using 1 mM of FeCl3 (Newcombe et al. 2002). In another study by Tien’s
group, iron was used at much lower concentrations of 100 μM (Varela and Tien 2003). In
our recent study on the effect of pH and oxalate on the iron redox cycling and
adsorption/desorption we varied the iron concentration up to a maximum of 400 µM of
FeCl3 (Arantes et al. 2008). Although these works provide a range of iron concentrations
suitable for fungal growth, the micro- and nano-site concentrations of iron in natural
fungal environments are unknown.

Oxalate: Schilling et al. measured both soluble and acid extractable oxalate in
spruce wood-agar microcosms inoculated with G. trabeum. They found that at week ten
the wood component contained about 60 µmol/cm-3 acid-extractable oxalate and 10
µmol/cm-3 soluble oxalate, adjusted as oxalate per wood volume (Schilling and Jellison
2006). A concentration of approximately 100 µM of oxalate has been reported for G.
trabeum (Akamatsu et al. 1994). Jensen et al. found that the extracellular concentration of
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oxalate in 7-day old G. trabeum cultures was about 500 µM (Jensen et al. 2001). By
analyzing the liquid phase of wood blocks colonized by G. trabeum, Suzuki et al. found
that at week one, the concentration of oxalate was 520 µM (Suzuki et al. 2006). Varela et
al. (Varela et al. 2003) quantified various biodegradation components of G. trabeum
under several different culture conditions and found oxalate levels in the 100 – 400 µM
range at day ten. 0-750 µM oxalate was used in Varela and Tien’s in vitro studies (Varela
et al. 2003).

Low molecular weight catecholate/hydroquinone compounds: Paszczynski et al.
(1999) discovered that 2,5-dimethoxyhydroquinone (2,5-DMHQ) and 4,5dimethoxycatechol (4,5-DMC) were the main low molecular iron-reducing compounds
produced by G. trabeum in culture. Newcombe et al. (2002) analyzed cultures of eight
Gloeophyllum species and found that six produced DMBQ in concentrations ranging
from 1 mg/l to 13 mg/l. The extracellular level of 2,5-DMBQ/DMHQ and 4,5DMBQ/DMC was found to be in the range of 30 to 50 µM by Jensen et al. (2001).
Suzuki et al. (2006) tried to quantify the role of quinone redox cycling in decay by G.
trabeum, and found the concentrations of 2,5-DMHQ and 4,5-DMC in the liquid phase of
a one week old wood block are around 21 μM and 19 μM respectively. Shimokawa et al.
(2004) observed a maximum of 90 μM of 2,5-DMBQ in the brown-rot fungus Serpula
lacrymans medium after a month of cultivation. The DMBQ level was around 10-60 μM
at day 19, as noted by Varela et al. (2003) while quantifying various biodegradation
components of G. trabeum.
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Hydrogen peroxide: Hydrogen peroxide is an important component of Fenton
chemistry utilized by brown-rot fungi, and has also been proposed to play a major role in
the site-specific generation of ROS in non-enzymatic mechanisms. Despite continuing
research on this subject, there is still no definitive theory describing the source of H2O2 in
the brown-rot system, or establishing the production of extracellular hydrogen peroxide
as a universal characteristic of brown-rot fungi. Following is a summary of some of the
possible hydrogen peroxide sources suggested in the literature: the auto-oxidation of Fe2+
(Hyde and Wood 1997); the reduction of O2 by semiquinone that is generated by the
action of quinon by quinone reductases (Cohen et al. 2002, Kerem et al. 1999). Recent
studies by Daniel et al. (Daniel et al. 2007) suggest that G. trabeum alcohol oxidase may
be another major extracellular source of H2O2, as shown by the periplasmic distribution
of the enzyme. An early cytochemical localization study also showed that H2O2 was
present within the fungal hyphae as well as the wood cells attacked by the fungi (Kim et
al. 2002).

2.3. Materials and Methods

2.3.1. The Dissolution and Redox Cycling of Ferric Iron and Iron Oxyhydroxides

2.3.1.1. Materials

Iron oxyhydroxide preparation: Aged ferric chloride solution was used as a proxy
model for iron oxyhydroxide. When ferric chloride dissolves in water, hydrolysis occurs
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and Fe(OH)3 is formed. This complex may further dewater to form FeO(OH) - iron
oxyhydroxide (Sondergaard et al. 2002). In this study, 0.3 g of ferric chloride
hexahydrate (Sigma Chemical, St. Louis, MO) was dissolved in 250 ml deionized water.
The solution was then aged at room temperature in an aerobic environment over a period
of about 4 months. The resulting solution was orange in color with reddish precipitate.

Model catecholate compound: In this study, catechol (Sigma Chemical, St. Louis,
MO) was used as a model catecholate compound. We focused on catechol because of its
simple structure and easy to identify oxidation products. Also, because it contains a 1,2dihydroxy functional group, it exhibits metal binding and iron redox capabilities much
like the naturally produced low molecular compounds found in brown-rot fungi. Oxalic
acid was purchased from Sigma Chemical (St. Louis, MO).

2.3.1.2. Methods

Iron oxyhydroxide dissolution: In this preliminary experiment aged ferric chloride
(iron oxyhydroxide) was treated under various combinations of pH/oxalate/catechol
conditions to develop a basic qualitative comparison of the dissolution of iron
oxyhydroxide via different mechanisms (protonation, complexation and reduction). A
simplified experimental design is provided below (Table 2.1).

Since iron dissolution and reduction involves both solid phase and solution phase
reactions, it has been shown that the dissolution kinetics are highly dependent on the iron

26

particle surface area and morphology. Therefore, in order to limit the experimental
factors to pH and the concentration of complexing/reductive compounds, a single
preparation of well-stirred, aged ferric chloride suspension was used throughout the study.
Also, the experimental temperature and the agitation speed were kept as constant as
possible.

Table 2.1 Experimental parameters for iron oxyhydroxide dissolution study
pH Buffer (20 mM)

Catechol (mM)

Oxalate (mM)

Untreated

-

-

-

pH 2

2

0

0

4.5

0

0

2

0

1.5

4.5

0

1.5

2

1

0

4.5

1

0

pH 2 / Cat / Oxa

2

1

1.5

pH 2 / Cat / Oxa

4.5

1

1.5

pH 4.5
pH 2 / Oxa
pH 4.5 / Oxa
pH 2 / Cat
pH 4.5 / Cat

* The total iron concentration is approximately 2 mM, and the reaction was allowed for 12 hours.
After treatment aliquot were withdrawn and filtered before immediate subsequent analysis.
Ferrozine assay was used to determine aqueous Fe2+ species. Total soluble aqueous iron (Fe2+
and Fe3+) was determined using ICP-OES.

Iron content measurement: Various forms of iron were generated after the
dissolution and/or reduction treatment. The suspension was well stirred before sampling
for “total iron”. The “soluble iron” sample was the solution obtained by passing the
suspension through a 0.2 µm filter. “Total iron” and “soluble iron” species were analyzed
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using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The
reduced aqueous Fe2+ species was determined colorometically using the Ferrozine assay
(Stookey 1970). Soluble ferric iron concentrations were estimated from the difference
between “total soluble iron” and “soluble ferrous iron”.

The effect of pH and oxalate on iron reduction by catechol: In this simplified
experiment, iron reduction by catechol and catechol/oxalate at different pH conditions
was investigated. The experiment was carried out in the presence of 100 µM catechol,
300 µM of freshly prepared Fe3+, and 450 µM of oxalic acid. Two pH conditions were
maintained using a 50 mM KCl-HCl buffer (pH 2) as well as a 50 mM acetate buffer (pH
4.5). These reaction conditions were chosen based on currently available quantitative
information describing non-enzymatic parameters. Sample aliquots were taken at specific
time intervals, with the iron reduction followed by the Ferrozine assay. All procedures
were conducted in the absence of light. The experiments were performed in duplicate and
data were plotted as arithmetic means in Figure 2.2. Variation between replicates was less
than 5% in most instances.

The speciation of oxalate-iron complexes: The speciation of iron and oxalate in
buffered solutions at different pH values, as well as the effect of oxalate concentration on
the pH variation and oxalate-iron speciation are plotted in Figure 2.3 and 2.4 using
MINTEQ equilibrium speciation modeling software.
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2.3.2. The Kinetics and Pathways of Iron Redox Cycling by Catecholate Compounds

UV-Vis spectroscopy is particularly useful in identifying metal-ligand complexes
(Sever and Wilker 2004). Quantitative determinations of catechol, hydroquinone, orthoquinone, and various intermediate products are performed by HPLC if the compound is
relatively stable under experimental conditions and a standard calibration curve can be
developed. In this study, the effect of pH and catechol/iron ratio on the reaction kinetics
and pathways was also evaluated by the quantitative determination of catechol, obenzoquinone, and other intermediates such as 1,2,4-Benzenetriol using reversed phase
HPLC.

Catechol, 1,2,4-benzenetriol, NaIO4 and ferric chloride hexahydrate were
purchased from Sigma (St. Louis, MO) and used as received. Buffers used in the
experiments were a 50 mM acetate buffer (pH 4.5) and a 50 mM KCL-HCl buffer (pH
2.0). All glassware used in sample preparation was cleaned in a 50% HNO3 bath, and
rinsed with deionized water before use to minimize metal contamination. All solutions
were prepared fresh on the day of use with freshly boiled and argon-purged deionized
water.

Because o-benzoquinone is unstable and there is no commercial standard
available, it was synthesized following the procedure published by Adler et al. (1962).
Briefly, 0.5 ml of a 5 mM catechol solution was mixed with 0.5 ml of a 10 mM NaIO4
solution at an initial pH of approximately 6.4. The reaction was followed by monitoring
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the disappearance of the characteristic catechol absorbance peak at 278 nm and the
appearance of o-benzoquinone peak at 385 nm. The reaction was continued for a
minimum 15 minutes to ensure the complete conversion of catechol to o-benzoquinone.

Fresh catechol and 1,2,4-benzenetriol stock solutions were prepared by dissolving
the chemicals in argon-saturated deionized water, and then flushing with argon for 5 min.
The reaction cuvette was covered with rubber septa to maintain a deoxygenated
environment. A syringe was used to inject aliquots of the stock solution into a measured
amount of aerated buffer solution (Adler et al. 1962).

UV-Vis spectra of catechol-iron complex: The kinetics of iron/catechol complex
formation, and the kinetics of oxidation of catechol to ortho-quinone were studied as a
function of pH and iron/catechol ratio using UV-Vis spectroscopy. Experiments were
carried out in the presence of 100 µM of catechol and 200 µM of Fe3+, at pH 2 and pH
4.5 respectively. All solutions were sparged with argon prior to mixing. Quartz cuvettes
were fitted with air-tight rubber septa and Parafilm seals. Iron solution was added to the
cuvette last by syringe as the last step to initiate the reaction. The development of the
iron-catechol interaction was followed with a Beckman 7400 diode array
spectrophotometer in the range of 220-800 nm. Results have been plotted in the Figures
2.5 to 2.9.

HPLC analysis of catechol-iron interaction: Catechol, 1,2,4-benzenetriol (Sigma
Chemical, St. Louis, MO), and synthesized o-benzoquinone were used as HPLC external
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standards. Acetonitrile – ACN (HPLC grade) was obtained from Sigma-Aldrich (St.
Louis, MO). Double distilled water was purified using a Milli-Q system (Millipore,
Billerica, MA).

A Dionex HPLC system consisting of an LPG-3400 pump, an ACC-3000
autosampler, an Acclaim-120 Analytical C18 column (5µm, 4.6 x 150mm), an RF-2000
fluorescence detector (operated at Ex 276 nm and Em 320 nm), and a PDA-3000 photo
diode array detector (operated at 3D field data acquisition mode) was used. The system is
equipped with CHROMELEON software (Dionex, Sunnyvale, CA). The mobile phase
was a mixture of water (with 0.5% HAc) and ACN in a volumetric proportion of 80:20
under isocratic condition. The flow rate was 1.0 ml/min.

In this part of the study, experiments were carried out in the presence of 100 µM
of catechol and 100 to 400 µM of Fe3+, at pH 2 and pH 4.5 respectively. The standard
catechol, o-benzoquinone, and 1,2,4-benzenetriol solutions were prepared in triplicate.
Calibration curves were prepared by plotting the peak area against the nominal
concentration of each standard compound.
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2.4. Results and Discussion

2.4.1. The Dissolution and Redox Cycling of Ferric Iron and Iron Oxyhydroxides

Figure 2.1 shows the effect of pH, oxalate, and catechol on the dissolution of iron
oxyhydroxide. The aged ferric chloride suspension, a natural Lewis acid had an initial pH
of around 2.3, was not neutralized before the reaction. Therefore, lowering the pH to 2
did not enhance the dissolution of FeOOH significantly. The treatment with pH 4.5 buffer
alone actually generated more insoluble iron. When applied alone, oxalate and catechol
showed similar iron dissolution capabilities under similar experimental conditions. The
treatment of oxalate and catechol combined was found to slightly enhance the dissolution
compared to oxalate or catechol treatment alone with greater enhancement at pH 4.5
compared to pH 2.

The result implies that both oxalate and catecholate compounds can facilitate iron
oxyhydroxide dissolution. However, pH is still the major factor influencing sequestration
of iron by fungi. Also, the average reported concentration of catecholate compounds
required to support dissolution is 50 – 100 μM, which is much lower than the
concentration used in this study. Therefore, complexation by oxalate, and protonation in
lower pH environments controlled by oxalic acid appears to be the predominant mode for
iron sequestration by brown-rot fungi.
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Figure 2.1 The effect of pH, oxalate, and catechol on the dissolution and reduction of iron
oxyhydroxide. See Table 2.1 for reaction conditions.
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Figure 2.2 The effect of pH and oxalate on the iron reduction by catechol. Experimental
conditions: 100 µM catechol, 300 µM Fe3+, and (450 µM oxalic acid), in 50 mM KClHCl buffer (pH 2) or 50 mM acetate buffer (pH 4.5).
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In the absence of oxalate, the rate of iron reduction by catechol was much greater
at pH 2 than at pH 4.5 (Figure 2.2). In the presence of oxalate and catechol, the rate of
iron reduction in both pH environments decreased further with less so at pH 4.5 than at
pH 2.

In the fungal environment, pH changes have typically been associated with oxalic
acid which is characterized as the primary proton source in brown-rot decay system.
Therefore, rather than a “pH gradient” alone, it may well be the “oxalate gradient”, which
directly relates to the speciation of oxalate-iron complex, and determines the availability
of iron for reduction.

Figure 2.3 shows the speciation of oxalate/iron (10:1 and 1:1) in buffered
solutions modeled with MINTEQ sofware. At higher oxalate/iron ratios (Figure 2.3-A),
the dominant ferric ion species is a mixture of the 2:1 and 1:1 complexes at pH 2, and 3:1
and 2:1 complexes at pH 4.5. At lower oxalate/iron ratios however (Figure 2.3-B), almost
all iron species at pH 2 are in the form of the 1:1 complex. At pH 4.5, the 2:1 and 1:1
oxalate/iron complexes are the major species, but the formation of iron hydroxide species
has begun (Figure 2.3-B). The standard reduction potential (E0) for free Fe3+, 1:1, 2:1,
and 3:1 oxalate/iron complexes are 771, 480, 181, and -120 mV respectively (Park et al.
1997). It was previously demonstrated that the standard one-electron reduction potential
.

+

for the catechol-O , H / catechol-OH couple is 530 mV, which is very close to the E0 of
the 1:1 complex (Akoh and Min 2008). The redox potential of iron is also strongly pHdependent (Hajji et al. 2006). Therefore, the differences in iron reduction potential caused
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by complex speciation and pH change may greatly affect the reactivity of iron with
catecholate compounds. In another recent study we observed that free iron and the 1:1
oxalate/iron complex are the most likely species to be reduced by 2,3-DHBA in an acidic
pH range (Arantes et al. 2008).

However, in the microenvironment surrounding fungal hyphae, oxalic acid, as the
main proton source, determines the pH environment outside of the buffered wood cell
wall. Therefore, the “pH gradient” hypothesis previously discussed is likely caused by the
variation in oxalate concentration with increasing distances from the hyphae. This
fluctuation in oxalate concentration also affects oxalate/iron speciation. Figure 2.4
illustrates the effect of oxalate concentration on the pH of the model system, as well as on
the oxalate/iron speciation (assuming that oxalic acid is the only major proton source).
The pH variation and oxalate/iron speciation were calculated with respect to changes in
oxalate concentration using the equilibrium model MINTEQ.

Under simulated conditions, significant amounts of the mono-oxalate-iron
complex would be formed only when the oxalate/iron ratio is much less than 10:1. This
led to an increase in pH in the range of 2.5 to 4. Our recent study (Arantes et al. 2008)
also confirmed that a 1:1 oxalate-iron complex formation is formed when the oxalate/iron
molar ratio is less than 20 (pH 2.0) or less than 10 (pH 4.5). Therefore, the oxalate-iron
speciation and the reducibility of iron species is likely influenced by the “oxalate
gradient” rather than “pH gradient” around the fungal hyphae.
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Figure 2.3 The speciation of oxalate/iron (A=10:1 and B=1:1) in buffered solutions
modeled using MINTEQ.
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Figure 2.4 The effect of oxalate concentration on the pH variation, and the oxalate/iron
speciation in a model system. The oxalate concentration ranges from 2 mM to 0 mM, and
the total iron concentration is 0.05 mM. The pH variation and oxalate/iron speciation
were calculated with respect to changes in oxalate concentration using the equilibrium
model MINTEQ.

Of course the oxalate concentration, the speciation of iron, and the pH variation
may not be the only factors that regulate the dissolution, reduction and diffusion of iron
species. The availability of iron-reducing catecholate compounds, the generation of H2O2,
and the lignocellulosic cell wall structure may also play roles in regulating the locationspecific production of free hydroxyl radicals in non-enzymatic brown rot decay, and
these factors are worth further investigation.
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2.4.2. The Kinetics and Pathways of Iron Redox Cycling by Catecholate Compounds

UV-Vis spectra of catechol-iron complex: Figure 2.5 shows the spectra of
catechol, ferric iron, and catechol plus iron 15 seconds after mixing. The UV spectra of
catechol showed an absorbance maximum at around 278 nm at pH 2.0 and pH 4.5. With
the addition of Fe3+, the absorbance maximum increased at both pH values, but the peak
wavelength was unchanged. The increased absorbance at around 720 nm can be
attributed to the iron mono-catechol complex, as there is no absorption at this wavelength
in either the catechol-only or the iron-only samples. Spectra taken at pH 4.5 display
significantly greater absorbance at 720 nm. However, at the lower pH, the iron-catechol
complex is not stable, and undergoes internal electron transfer to produce Fe2+ and obenzoquinone, which will be discussed in detail later. This redox process occurs because
of the similar reduction potentials, as discussed previously.

Figure 2.6 shows that the characteristic catechol absorbance band at
approximately 278 nm decreases over time, reaching the lowest point about 10 minutes
into the reaction. The absorbance intensity at 278 nm rebounds after 60 and 90 minutes of
reaction, which may indicate the regeneration of catechol. Figure 2.6 also shows the
possible o-benzoquinone products at the absorption maximum of approximately 385 nm.
Under our experimental conditions, the o-benzoquinone absorbance increases over time
(as expected), and reaches a maximum after about 30 minutes of reaction.
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Figure 2.5 UV-Vis spectra of a 100 μM Catechol solution, a 200 μM Fe(III) solution, and
a solution containing 100 μM Catechol and 200 μM Fe(III) (15 seconds after mixing) at
A: pH 2 and B: 4.5.
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Figure 2.6 The time-dependent UV-Vis spectra of a 100 μM Catechol and 200 μM of
Fe(III) solution at pH 2. Two of the peaks as indicated by the arrows are at 278 nm and
385 nm, which represent catechol and o-benzoquinone respectively.
At pH values below 4.5, the broad absorbance at around 720 nm corresponds to
the iron mono-catecholate complex (Sanchez et al. 2005, Sever and Wilker 2004). Figure
2.7 shows that the absorbance at 720 nm decreases over time, reaching its lowest point at
about 10 minutes. After 30 minutes of reaction, the peak at 720 nm begins to increase
again. The initial decrease in absorbance could be caused by the reduction of either
catechol or ferric iron over time, and the increase in absorbance after 30 minutes suggests
that the catecholate species were regenerated.
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Figure 2.7 The time-dependent UV-Vis spectra of a 100 mM catechol and 200 mM Fe(III)
solution at pH 2. The peak at 720 nm represents a mono-catechol-iron complex at low pH.

Figure 2.8 shows that at the higher pH (4.5) values, the characteristic catechol
absorbance at 278 nm reaches a minimum about 10 minutes into the reaction, and
rebounds slightly after 30 minutes. There is no significant change of the o-benzoquinone
absorbance at 385 nm during the period of incubation. At pH 4.5 (Figure 2.9), the
absorbance of iron-catechol complex at 720 nm shows a similar pattern – rebounding
slightly after reaching the minimum at 10 minutes. At pH 4.5, the reduction potentials of
the redox couple ferric/ferrous and quinone/catechol are very close (Sever and Wilker
2004), which suggests that the overall redox reaction may not go to completion but may
reach an equilibrium.
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A clear isosbestic point is observed at around 355 nm in figure 2.6, but is absent
in Figure 2.8. An isosbestic point indicates the presence of only two absorbing species,
which means at lower pH, the quinone compounds produced are more stable and less
likely to undergo further reaction (such as water addition) to generate additional
intermediate species.
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Figure 2.8 The time-dependent UV-Vis spectra of a 100 μM catechol and 200 μM of
Fe(III) solution at pH 4.5. The peak at about 280 nm corresponds to the absorbance of
catechol.
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Figure 2.9 UV-Vis spectra of a 100 μM catechol and 200 μM Fe(III) solution at pH 4.5.
The 720 nm peak corresponds to a mono-catechol-iron complex.
At pH 2.0, the absorbance values of the mono-iron-catechol complex (λmax ≈ 720
nm) is significantly lower than the complex absorbance at pH 4.5 (see the pH 2, 0.25 min
spectrum in Figure 2.9) possibly because at the lower pH more iron is reduced by
catechol and less reduced iron undergoes autoxidation. Therefore, the absorbance at 720
nm is much higher at pH 4.5 than at 2.0. However, these experiments were not carried out
under strictly anaerobic conditions, and the iron-catechol species and their extinction
coefficients could not be clearly defined. A quantitative analytical approach, such as
HPLC analysis was needed to quantify the kinetics of catechol oxidation and
benzoquinone formation, as well as the involvement of other possible intermediates.

UV and HPLC analysis of catechol-iron redox cycling: To understand the
characteristic absorbance wavelength of the standard compounds, their UV absorption
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spectra were recorded by UV-Vis spectrophotometer prior to HPLC analysis (Figure
2.10).
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Figure 2.10 UV-Vis spectra of a 200 μM catechol, 1,2,4-benzenetriol, and obenzoquinone at pH 2. Their characteristic absorption peaks are at 278, 289, and 385 nm
respectively.

In addition to catechol and its oxidation product o-benzoquinone, 1,2,4benzenetriol is a potential intermediate involved in the possible water addition to the obenzoquinone (Finley 1974). Compared to other catecholate compounds, 1,2,4benzenetriol is a relatively strong reductant because of its low reduction potential
(Schuchmann et al. 1998). The high iron reduction capability of this compound is
demonstrated in Figure 2.11. Thus 1,2,4-benzenetriol can readily participate in iron redox
cycling or undergo further autoxidation. However, its major oxidative product, 2hydroxy-1,4-benzoquinone (Zhang et al. 1996), is rather unstable and difficult to quantify.
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Figure 2.12 shows the UV-Vis spectra of the reaction between1,2,4-benzenetriol and iron
at pH 2 and pH 4.5. The absorbance peak at 258 nm can likely be attributed to 2hydroxy-1,4-benzoquinone, which is unstable at higher pH levels (Armstrong et al. 1993,
Stolz and Knackmuss 1993).

Figure 2.11 The reduction of ferric iron (0.2 or 0.5 mM) by 1,2,4-benzenetriol (0.1 mM)
over time at pH 2 and pH 4.5 respectively.
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Figure 2.12 Time-dependent UV-Vis spectra of a 100 μM 1,2,4-benzenetriol and 200 μM
Fe(III) at A: pH 2, and B: pH 4.5. The absorption peak at 258 nm is probably associated
with the oxidation product of 1,2,4-benzenetriol (2-hydroxy-1,4-benzoquinone). A:
PH=2 and B:PH=4.5.
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Table 2.2 shows the elution profile (elution time and absorption maximum) of the
compounds being investigated in the HPLC analysis. Each target compound was
quantified based on its own elution profile extracted from the 3D field of the PDA data.
Catechol was also detected using a fluorescence detector, which has a much higher
sensitivity than the PDA detector. Results obtained using the fluorescence detector were
consistent with those from the PDA detector (data not shown).

Table 2.2 The elution profile of catechol and its oxidative products. The HPLC
conditions are listed in section 2.3.2.
Compound
Elution Time
Absorption Maximum
(min)

(nm)

Catechol

4.6

278

o-benzoquinone

2.9

388

1,2,4-benzenetriol

2.15

288

2-hydroxy-1,4-benzoquinone*

2.85

258

* The compound was identified based on the reference max. absorbance value rather than using
the actual standard compound.

Figure 2.13 shows the kinetics of the reaction between 0.1 mM catechol and
different concentration of Fe(III) at pH 2 and pH 4.5. When the iron/catechol ratio was at
1:1, the catechol concentrations remain steady and at similar levels during the initial 90
minutes of the reaction at pH 2 and at pH 4.5. When the iron/catechol ratio was greater
than 1:1, the oxidation of catechol and the formation of o-benzoquinone were
significantly higher at pH 2 than at pH 4.5, which is consistent with the iron reduction
data presented in Figure 2.2. Figure 2.13 also revealed that the combined concentration of
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catechol and o-quinone at pH 4.5 was low compared to that at pH 2, which is probably
caused by the instability of the o-quinone compounds, especially in higher pH
environments. In higher pH environments, electrophilic o-quinone compounds are more
likely to undergo the 1,4-additions of water (Figure 2.14). The derived 1,2,4-benzenetriol
has much lower reduction potential than catechol and is readily oxidized to form 2hydroxy-1,4-benzoquinone (Nematollahi et al. 2004).

Concentration (mM)

0.12

o-Benzoquinone

0.10
0.08
0.06
0.04
0.02

Catechol

0.00
2

A: pH 2

30

60

90

2

0.1 mM Fe(III)

30

60

90

2

0.2 mM Fe(III)

30

60

90

0.4 mM Fe(III)

Concentration (mM)

0.12

o-Benzoquinone

0.10
0.08
0.06
0.04

Catechol

0.02
0.00
2

B: pH 4.5

30

60

0.1 mM Fe(III)

90

2

30

60

0.2 mM Fe(III)

90

2

30

60

90

0.4 mM Fe(III)

Figure 2.13 Kinetics of the reaction between catechol (0.1 mM) and Fe3+ (0.1 - 0.4 mM)
at A: pH 2, and B: pH 4.5. The stacked concentration of o-benzoquinone and catechol
over time (in minutes) were obtained by HPLC analysis.
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In previous studies non-stoichiometric reduction of ferric iron has been observed
with several low-molecular-weight iron-reducing model compounds, especially at lower
pH with prolonged reaction times. Several hypotheses have been proposed, which include
the redox cycling of catecholate/hydroquinone compounds by enzymes or hydroperoxyl
radicals/superoxide anions, the formation of 1,2,4-benzenetriol by the water addition of
quinone compound (Finley 1974), or the formation of smaller quinone breakdown
compounds with iron-reducing capabilities. However, none of these hypotheses are
supported by persuasive evidence. Non-stoichiometric iron reduction has been observed
under anaerobic conditions without enzyme involvement. Our recent experiments also
indicate that none of the proposed quinone breakdown products (e.g. muconic, maleic,
malonic, or oxalic acid) show significant iron-reducing capability. Contreras et al. also
indicated that quinone-water addition is a possible pathway for the reactions between iron
and catecholate compounds in their recent study (ref). Therefore, the quinone water
addition provides the most likely explanation for the non-stoichiometric iron reduction
capability exhibited by some of the catecholate compounds, which helps to prolong free
radical production when this reaction is employed by the fungi.

However, HPLC analysis failed to detect 1,2,4-benzenetriol in any of the
samples examined in this study. Only trace amounts of 2-hydroxy-1,4-benzoquinone was
detected in a limited number of the samples (Figure 2.15). A possible explanation is that
quinone-water addition tends to occur at a higher pH while the benzenetriol and
hydroxyquinone formed are unstable at higher pH conditions. Lower pH environments
with prolonged reaction times may lead to the slow formation of 1,2,4-benzenetriol, thus
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supporting a slow but steady non-stoichiometric iron reduction promoted by certain
catecholate compounds.
-2e- -2H+

2Fe2+

+

2Fe3+

H2 O

-2e- -2H+

2Fe2+

2Fe3+

Figure 2.14 The scheme of catechol oxidation and o-quinone water addition.

Figure 2.15 Trace amounts of 2-OH-1,4-BQ were detected by HPLC. Sample conditions:
0.1 mM catechol and 0.2 mM Fe3+ at pH 2 after 60 minutes of reaction.
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2.5. Conclusions

In this chapter, the effect of pH, oxalate, and model catecholate compounds on the
dissolution of iron from iron oxyhydroxide were studied. Results show that protonation
and complexation in lower pH environments controlled by oxalic acid is likely a primary
route for sequestration of iron by brown-rot fungi from the surrounding growth
environment. Redox cycling of iron and the kinetics and pathways of the interaction
between iron and model catecholate compounds under different pH and chelator/iron
molar ratio conditions were also examined using UV-Vis spectroscopy and HPLC
analyses. Based on experimental and modeled results, we were able to confirm the
importance of oxalate in the non-enzymatic mechanism involved in brown-rot decay. The
presence of trace amounts of 2-hydroxy-1,4-benzoquinone indicated that the quinonewater addition may provide a likely explanation for the non-stoichiometric iron reduction
in lower pH environments. This investigation also provided considerable insight into the
thermodynamics, kinetics, and pathways of the reactions involved in non-enzymatic
decay mechanisms of brown-rot fungi.
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Chapter 3
THE EFFECT OF LOW MOLECULAR WEIGHT CHELATORS ON IRON
CHELATION AND FREE RADICAL GENERATION AS STUDIED BY ESR
MEASUREMENT

3.1. Chapter Summary

The purpose of this work was to improve our current knowledge of the nonenzymatic mechanisms involved in brown rot fungal decay of wood, but also to improve
our understanding of chelator-mediated reactions that may occur in other biological
systems where low pH conditions may prevail. Several key steps (iron chelation and
reduction) during early non-enzymatic wood decay processes have been studied by using
Electron Spin Resonance. It has been proposed that low molecular-weight chelators as
well as Fenton reagents are involved in brown rot decay, at least in early non-enzymatic
stages. In this work, the binding between a catecholate model chelator and ferric iron was
studied by ESR spectroscopy. The effects of the model chelator, Fenton reagents, as well
as the reaction conditions on free radical generation were also studied using ESR spintrapping techniques. The results indicate: (1) The relative quantity of the chelator-iron
complex can be determined by measurement of the intensities of the characteristic g = 4.3
ESR signal. (2) The effects of the chelator/iron ratio, the pH, and other reaction
parameters on the hydroxyl radical generation in a Fenton type system can be determined
using ESR spin-trapping techniques. (3) Data support the hypothesis that superoxide
radicals are involved in chelator-mediated Fenton processes.
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3.2. Introduction

The process of wood degradation by fungi is important both from the standpoint
of recycling of carbon in the environment to the weakening of timbers in wooden
structures. The enzymatic systems of white rot fungi, a particular class of fungi capable
of degrading lignin as well as cellulose, have been studied for many years and a
significant body of literature exists on the mechanisms they employ to degrade wood.
Brown rot fungi, even though responsible for the majority of primary wood degradation
in northern hemisphere forests and structural wood products, have been less studied
(Zabe 1992). These fungi are known to modify the lignin portion of the wood cell wall
while oxidizing both cellulose and hemicellulose. Brown rot fungi rapidly depolymerize
the cellulosic portion of the wood cell and the depolymerizing agent responsible is
thought to involve a low molecular weight compound facilitating this rapid attack.
Studies have shown that the wood cell wall is impenetrable by macromolecules of the
size of enzymes (Flournoy et al. 1991), and suggest that initial degradation of the wood
cell wall by low molecular weight compounds is necessary before later enzymatic attack
can occur.

Our early work (Goodell et al. 1989, 1997) has focused on the nature of the low
molecular weight compounds isolated from both brown and white rot fungi, and a
hypothesis on the mechanism employed by brown rot fungi for non-enzymatic wood
degradation by fungi has been developed. Most of the work supporting this hypothesis
has been based on the activity of compounds isolated from the brown rot fungus
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Gloeophyllum trabeum. Briefly summarized this hypothesis states that iron is solubilized
and sequestered by oxalic acid which is produced by the fungi, and lowers pH, in close
proximity to the fugal hyphae. Phenolate type compounds produced by G. trabeum
diffuse into the wood cell wall, and in this relatively higher pH environment, sequester
the iron and reduce it to the ferrous form. The reduced iron can then react with hydrogen
peroxide in a Fenton style reaction to produce hydroxyl radicals, which are capable of
reacting with both lignin and cellulosic components of the wood cell wall (Goodell et al.
1997).

Iron is an essential element in the chemistry of living systems. Although the metal
is relatively abundant in the earth’s crust, it is inaccessible to microorganisms under
normal conditions due to the formation of insoluble hydroxides (Hartwig 1993). In wood,
only a very limited amount of iron exists (Xu and Goodell 2001), and it has been found in
the 0-2 μM range in non-decayed wood (Jellison et al. 1992). As an evolutionary
response to this stress, microbes produce low molecular-weight organic ligands
(siderophores or chelators), which effectively solubilize ferric ion for transport into the
cell (Neilands 1974). Siderophore activity has not been demonstrated in wood degrading
fungi but phenolate type compounds produced by these fungi with their high affinity for
iron and strong iron reduction ability suggests that similar type compounds produced by
the fungi may be used for an alternate function (Chandhoke 1991; Fekete et al. 1989;
Goodell et al. 1997).
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ESR is considered to be the least ambiguous method for the detection of free
radicals. However, for most short-lived free radicals, especially oxygen-based free
radicals, ESR spectrum are difficult to observe directly, especially under physiological
conditions. This is due either to the very short relaxation time of the radical resonance, or
because the radicals are not present at high enough concentration to be detected by
standard ESR spectrometers. A decrease in sample temperature may redress this effect,
but this usually reduces any physiologically significant aspects of the ESR spectrum.
However, spin trapping allows the formation of relatively stable free radical products,
thereby allowing their detection at room temperature. In the spin trapping procedure, a
very reactive short-lived free radical reacts with a diamagnetic compound (the spin trap)
to produce a relatively long-lived free radical product (the spin adduct), which can be
detected by a standard ESR spectrometer (Chopard 1992).

Iron chelation and free radical generation can be studied by using ESR and ESRspin trapping techniques respectively. Kalyanaraman et al. (1991) studied the interactions
between the adriamycin semiquinone, hydrogen peroxide, iron-chelators, and radical
scavengers by using direct ESR and spin trapping techniques. In the presence of ironchelators, semiquinone appears to react with peroxide forming the hydroxyl radical. In
direct ESR spectroscopy, a signal at g = 4.3 is typical of high-spin ferric iron in a lowsymmetry environment (Beinert 1972). This type of signal is found in a wide variety of
organic and inorganic materials, and its intensity usually depends on the presence of
chelators. In some cases, the relative amount of ferric ions bound to chelators has been
determined by measuring ESR signal intensities of characteristic iron-complex with
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chelators (Zareba et al. 1995). Illman and co-workers used ESR spin trapping to detect
the presence of hydroxyl radicals during the growth of the brown-rot fungus Postia
placenta (Illman et al. 1988). In their experiment, the hydroxyl radical was detected in
both liquid cultures and wood samples inoculated with Postia placenta.

The work outlined in this paper was conducted using both the phenolate fractions
from G. trabeum and other model compounds to study the mechanism of iron binding
and reduction as well as the generation of free radicals in the presence of oxygen.
Electron spin resonance was used to detect iron chelation and reduction, and ESR spin
trapping technique was also used to detect oxygen based free radicals.

3.3. Materials and Methods

3.3.1. Chemical Preparation

A purified mixture of low-molecular weight phenolic compounds was isolated
from the brown rot fungus Gloeophyllum trabeum by ultrafiltration (<1000 dalton) and
extraction with ethyl acetate as previously described in our work (Goodell et al. 1997;
Paszczynski et al. 1999). The concentration of the fraction (defined as Gt-chelator
fraction) was determined by Arnow and Rioux assays and 2,3-dihydroxybenzoic acid
(DHBA) was used to develop a standard curve. The ESR spectrum of the Gt-chelator/iron
mixture showed a clear g = 4.3 signal (Figure 3.1), which is attributed to high spin Gtchelator/iron binding. Because Gt-chelator is a mixture of purified low molecular-weight
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phenolic compounds, to simplify analysis, we used the model compound 2,3dihydroxybenzoic acid (DHBA, Sigma Chemical) that has previously been used as a
model siderophore chelator and which is known to reduce iron similarly to the Gtchelator (Goodell et al. 1997). In the remaining experiments, unless specifically
indicated, DHBA was used as a model chelator compound in the iron binding and free
radical generating studies outlined.

In order to avoid iron or other metal ion contamination, deionized water was used
to make all solutions, and all labware used was disposable (plastic) or acid washed (glass).

500 G

g = 4.3

Figure 3.1 ESR spectra of Gt-chelator / Fe(III) complexes recorded at 77 K. Sample
contains: 62.5 μM Gt chelator, 3.1 mM Fe(III), and 20 mM pH 4.0 acetate buffer. After
incubation at room temperature for 2 minutes the solution was frozen and transferred to
an ESR cell for analysis.
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3.3.2. Iron Chelation Study

The binding of iron by the Gt chelator or 2,3 - DHBA was examined via electron
spin resonance spectroscopy. The relative amount of ferric ion bound to the chelator
could be assessed by comparing the ESR signal intensities of the high spin ferric complex
with the chelator. ESR measurements were carried out on an IBM-Bruker ER200D ESR
spectrometer at the National Biomedical ESR Center, Medical College of Wisconsin,
Milwaukee. A field modulation of 100 kHz was employed and the spectrometer was
operated in the X-band region. Ferric complex samples were run as frozen solutions at
both liquid nitrogen (77K) and liquid helium (15K) temperatures. The peak at g = 4.3 is
typically assigned to high spin ferric complexes (Shinde 1991) and in our study indicated
the binding of ferric iron by the Gt-chelator.

3.3.3. Iron Reduction Study

The reduction of ferric iron in aqueous solutions was determined by the ferrozine
assay (Goodell et al. 1997). The ferrozine reagent, 3-(2-pyridyl) 5,6-bis (4-phenylsulfonic
acid)-1,2,4-triasine, complexes with ferrous ions to form a strongly colored complex,
which can be conveniently measured in the spectrophotometer with molar absorptivity of
2.79 x 104 (Stookey 1970). Ferrozine reagent was added to assay solutions and incubated
for 5 minutes before readings at 562 nm were taken. Since ferrozine reacts with Fe(II)
and can pull the equilibrium between Fe(II) and Fe(III) over long periods of time, care
was taken to consistently read the reactions at 5 minutes reaction time.
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3.3.4. Determination of Hydroxyl Radical by ESR - Spin Trapping

Hydroxyl radicals were generated by a Fenton type system in a reaction mixture
consisting of ferric ions, reducing chelators, and hydrogen peroxide. The pH was tested at
2.4 and 4.0. The spin trap 5,5-dimethyl-1-pyrroline-1-oxide (DMPO, Aldrich Chemical)
was used to trap hydroxyl radicals. Hydrogen peroxide was added to the system last to
trigger the reaction, and the reaction mixture was then rapidly introduced into an aqueous
flat cell and ESR observations were begun. ESR spectra were recorded at room
temperature after incubation for a specified time. The yield of the free hydroxyl radicals
was determined by the formation of characteristic DMPO-OH spin. Superoxide
dismutase (SOD, Aldrich Chemical) was also used in the experiments to study the
involvement of superoxide radicals in this redox system.

3.4. Results

3.4.1. The Effect of DHBA / Iron Ratio

The iron binding and reducing ability of the model compound DHBA was studied
as a function of the chelator / iron ratio (Figure 3.2). It was observed that initial iron
binding strength was directly related to the availability of chelators in solution, with
greater concentrations of DHBA promoting proportionally greater DHBA/iron binding.
Different binding kinetics were also observed for different iron chelator ratios. At low
DHBA iron ratios (DHBA:iron = 0.05:1), the g = 4.3 signal increased over two hours
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incubation, indicating an increase in the binding of ferric iron by DHBA. Xu and Jordan
(1988) studied the reduction of ferric iron by DHBA and concluded that it initially
involves a rapid binding of one Fe3+ to DHBA between the acid group and a neighboring
hydroxyl group, forming a DHBA-iron complex. The complex then subsequently reduced
an additional Fe3+, and the complex was concurrently oxidized to form a semiquinone
intermediate. In our work (low DHBA/iron ratios with iron in excess), the binding
capacity was dependant on the available DHBA in the system. At relatively high DHBA
concentrations (DHBA in excess), more ferric iron binds to DHBA initially, and less free
iron may be reduced. The ferrozine assay (Figure 3.3) and ESR-spin trapping results
(Figure 3.4) confirm that excessive chelator may actually inhibit iron reduction and
consequently, hydroxyl radical generation.
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Figure 3.2 Time course study of the g = 4.3 signal intensity at different DHBA/iron ratios.
Samples contains: (0.25 mM ~ 15 mM) 2,3-DHBA, 5 mM Fe(III), and 20 mM pH 4.0
acetate buffer. After incubation at room temperature from 2 minutes to 120 minutes,
solution was frozen and transferred to an ESR cell for analysis.
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Figure 3.3 Effect of the DHBA/Fe ratio on ferric iron reduction kinetics. Iron reduction
was measured by using the ferrozine assay. 50 μM Fe(III) was incubated with (2.5 ~ 150
μM) DHBA at pH 4.0 acetate buffer (100 mM) for different time periods in the dark.
Readings were made at 562 nm 2 minutes after adding ferrozine reagent (1.0 mM).
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Figure 3.4 Relative formation of the DMPO-OH spin adduct as a function of DHBA
concentration. Experimental conditions: DMPO 10 mM, pH 4.0 acetate buffer 20 mM,
Fe(III) 1 mM, H2O2 1 mM. The relative DMPO-OH production was set as an arbitrary
unit. Samples were incubated at room temperature for 5 minutes before ESR
measurements were taken.

61

To determine the relative amount of free hydroxyl radical formed in the system
we measured the intensity of the DMPO-OH signals as DHBA concentrations were
varied in the presence of Fenton reagents. Figure 3.4 shows that the maximum formation
of the DMPO-OH adduct in the initial reaction stage occurs at about an equivalent
DHBA/Fe3+ ratio. Addition of greater or less DHBA will inhibit the formation of free
hydroxyl radicals significantly. It is possible that decreased DMPO-OH adduct
production could also occur because of the destruction of DMPO by •OH produced in the
system. However, our previous research has also indicated that hydroxyl radical activity
as measured by the degradation of cellulose, also occurs at an optimal chelator:iron ratio,
with loss of cellulose crystallinity greater at a 1:1 chelator:iron ratio than a 1:10 ratio
(Goodell et al. 1997).

The effect of the DHBA/Fe(III) ratio on the formation of free hydroxyl radicals
was also investigated at different pH conditions. Figure 3.5 shows that at both pH 2.4 and
4.0, the maximum initial DMPO-OH production occurred at around a 1:1 DHBA/Fe3+
ratio. Greater or lesser ratios inhibited the formation of free hydroxyl radicals in the
initial reaction stages. In a lower pH environment (2.4), an inhibition of •OH production
at higher iron ratios was apparent. At a lower pH (2.4) and a 1:0.5 DHBA/iron ratio, the
DMPO-OH signal was very strong (Figure 3.6), indicating greater Fenton reaction
activity. It is likely that at lower pH ferric iron has better solubility, therefore, more
ferric iron is reduced and more ferrous iron is available for Fenton reactions. However, at
pH 2.4, excessive iron may inhibit the formation of the DMPO-OH adduct and in
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addition it is possible that the DMPO-OH signal is relatively unstable and decays faster at
pH 2.4 than at pH 4.0.

3.4.2. The Involvement of Superoxide Radicals in Redox Process

The specificity of superoxide dismutase (SOD) in reaction with O2- has frequently
been used as a probe for the involvement of this radical in biochemical systems (Buettner
1985). Specifically, SOD will cause the dismutation of superoxide to form peroxide. In
contrast to results from work with other systems in which SOD is believed to inhibit the
generation of .OH in Fenton type reactions (Gutteridge 1986; Rowley 1983), the results
of our work showed that SOD stimulated the formation of DMPO-OH adducts (Figure
3.7). The ESR signal of the DMPO-OH adduct detected in the system with SOD is much
larger than the one without SOD addition indicating that superoxide is produced in this
system, since SOD will specifically react with O2-(Fridovich 1976). It is well known that
superoxide is produced in the presence of catechols and transition metals when exposed
to oxygenated environments (Miller et al. 1990). The data in our work also show that
superoxide was not a major reductant of Fe(III) since SOD would otherwise inhibit
reactions involving superoxide.
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Figure 3.5 Initial DMPO-OH production as a function of DHBA/Fe ratio. The samples
contained: 10 mM DMPO, 0.2 mM DHBA, 1 mM H2O2, and A: 20 mM pH 4.0 acetate
buffer, B: 20 mM pH 2.4 HCl-KCl buffer. Since the intensity of the DMPO-OH signal
at pH 2.4 is much greater than that at pH 4.0, different ESR settings were used, and the
percentage of DMPO-OH formation at 1:1 DHBA/Fe ratio was set to 100% arbitrarily for
both pH conditions.
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Figure 3.6 The pH and DHBA/iron ratio dependent generation of free hydroxyl radicals
during initial reaction stage. Samples containing: 10 mM DMPO, 20 mM pH 2.4 (4.0)
buffer, 1 mM H2O2, 200 μM DHBA, and 100 μM (2 mM) Fe(III). The samples are
incubated at room temperature for 5 minutes before recording the spectra. ESR setting:
center field 3,465 Gauss, sweep range 100 Gauss, modulation amplitude 10x10-1 Gauss,
microwave power 4.9 mW, overall receiver gain 1.25x104x10, time constant 0.5 second,
scan time 200 s.
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Figure 3.7 The effect of SOD on the generation of free hydroxyl radical. The distinct
spectra shown is characteristic of the DMPO-OH adduct. Experimental conditions
were:10 mM DMPO, 20 mM pH 4.0 buffer, 1 mM H2O2, 1 mM Fe(III), 500 μM 2,3DHBA, with and without SOD 50 μl (about 100 units) in a total of 1 ml final solution.
The samples were incubated at room temperature for 5 minutes before recording the
spectra.
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Spin trapping of the hydroxyl radical was also studied in the absence of H2O2,
with or without SOD (Figure 3.8). No DMPO-OH signal was observed in the absence of
SOD, while a weak DMPO-OH signal formed in the system containing SOD. This is a
strong indication that the superoxide radical is produced in this system because SOD
catalyzes the reaction converting O2- to H2O2 (Halliwell 1989), thus explaining the
formation of low amounts of free hydroxyl radicals in the system without the addition of
H2O2.

10 G

A

B

Figure 3.8 The involvement of superoxide radical in the DHBA-iron complex redox
system. Experimental conditions: 10 mM DMPO, 20 mM pH 4.0 buffer, 1 mM Fe(III),
500 μM 2,3-DHBA, A) SOD 50 μl (about 100 units), B) without SOD, in total 1 ml
final solution. The samples were incubated at room temperature for 5 minutes before
recording the spectra. ESR settings: Center field 3,465 Gauss, sweep range 100 Gauss,
modulation amplitude 2 x 1 Gauss, microwave power 4.9 mW, overall receiver gain
1.60x105x10, time constant 0.5 second, scan time 200s.

66

3.5. Discussion

The binding affinity of Gt-chelator as well as the model 2,3-DHBA was
determined to be related to reagent concentration, incubation time and pH of the reaction
system. The ESR g = 4.3 signal, which reflects chelation of iron, in general increased as
iron and chelator concentrations increased.
Spin trapping experiments showed that at lower pH’s the DMPO-OH signal is
larger but relatively unstable and decays more rapidly than the DMPO-OH signal
obtained at higher pH’s. A possible reason for this is that ferric ions form complex
hydroxide mixtures above pH 3.0 (Koppenol 1985). Previous reports show that Fe3+
starts to hydrolyze to Fe(OH)2+ (Eq. 1) at pH 2 and is 90% converted at pH 3 (James
1972).

Fe3+ + H2O ↔ Fe(OH)2+ + H+

(1)

When 2,3 DHBA-Fe(III) complexes were used to catalyze the generation of free
hydroxyl radicals, the DHBA/iron ratio was one of the factors that affected the formation
of DMPO-OH. At low DHBA/iron ratios, the amount of the DMPO-OH adduct increased
when DHBA was increased in concentration. However, after reaching a maximum at
about a 1:1 DHBA/iron ratio, further increase of the DHBA concentration had an
inhibitory effect. At low pH’s, this inhibition was more apparent. These results suggest a
competition between the ability of 2,3-DHBA to reduce ferric iron, and to bind it, as is
born out by the ferrozine reduction assays. But other explanations may be possible.
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In contrast to previous work, spin trapping of •OH in the DHBA enhanced Fenton
system showed that superoxide dismutase (SOD) can stimulate the formation of the
DMPO-OH adduct. The results indicate that the superoxide radical exists in this system
since SOD enzymes are specific for O2- as substrates (Halliwell 1989). It is possible that
other oxygen-based radicals may also be present in the system but a specific spin trap for
these radicals was not used.

The existence of superoxide radical in the system under study was also confirmed
by another spin-trapping experiment conducted under similar conditions as the above
experiment with SOD, except that no H2O2 was added to the system. The maximal rate of
uncatalyzed dismutation of superoxide radicals occurs near pH 4.0. However, the
formation of H2O2 was not observed until the addition of SOD enzymes. It is likely that
under our experimental conditions superoxide may react with ferric iron to form oxygen
(Eq. 2), and this reaction proceeds much faster than the autodismutation of superoxide.

Fe3+ + O2- -> Fe2+ + O2

(2)

This would explain why the DMPO-OH signal was formed only after the addition of
SOD in the incomplete Fenton system.

In natural environments, a number of enzymes have been discovered that can
reduce oxygen to O2-. It has previously been shown that O2- can reduce quinones to
semiquinones (Halliwell 1989), and in addition can reduce metal ions (Fe3+ or Cu2+) that
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then react with H2O2 to form free hydroxyl radicals. If Fe(III) is mainly reduced by O2- in
the present Fenton system, the production of .OH should be inhibited by adding SOD. But
in the work presented here, SOD does not prevent .OH production, it stimulates its
formation. This could be explained in terms of competition. In the actual reaction
environment however, the situation is complicated since all chemical species such as
DHBA, O2-, .OH, and SOD can react with each other, therefore affecting free radical
production.

The work outlined in this paper support portions of the hypothesis initially
advanced by Goodell et al. (1997) on the action of metal binding compounds produced by
wood degrading fungi. Binding of iron by the Gt-chelator fraction from the brown rot
fungus G. trabeum was demonstrated. Interestingly, even though binding of iron
increased with an increase in ratio of the model compound DHBA, a concurrent increase
in the reduction of iron between the ratio of 1:1 and 3:1 DHBA:Fe was not observed
suggesting that excess chelator in solution may actually inhibit iron reduction as the
hexadentate ligand is formed to coordinate iron. This suggests that the chelator:iron ratio
may have to be carefully controlled in the fungal environment, potentially by controlling
oxalate/oxalic acid production for the solubilization and sequestration of iron, as well as
the production of low molecular weight phenolate chelators (Connolly 1996).

The importance of a 1:1 chelator:iron ratio in hydroxyl radical production was
also demonstrated at both pH2.4 as well as 4.0. The lower pH would potentially reflect
the acidic environment immediately surrounding the fungal hyphae (Green et al. 1991;
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Hyde 1997) whereas a pH 4.0 would be found at a distance from the fungal hyphae
potentially within the wood cell wall. Even though hydroxyl radical production occurs in
both pH environments, the sequestration of iron in the lower pH environment around the
fungal hyphae by oxalate may limit the production of this destructive oxygen radical in
this region (Goodell et al. 1997). Other researchers however have noted that reduced pH
promotes iron reduction by metal binding chelators (Schafer 2000).

An important finding of this work is that DHBA, in an oxygenated environment,
and in the presence of iron can produce superoxide in the relatively acidic environment of
pH 4.0. Superoxide production was demonstrated both in the presence and absence of
hydrogen peroxide indicating that, at this pH, partial autoxidation of the reduced iron had
occurred to generate limited amounts of superoxide (Miller et al. 1990). Previous workers
have established that catecholate compounds will generate superoxide in oxygenated
environments (Miller et al. 1990; Pueyo 1993). Superoxide production decreases with pH,
however it is enhanced in the presence of metals as shown by production in the pH 4.0
environment of these assays. Although other pathways for hydrogen peroxide production
in wood degrading fungi have been shown, this additional pathway may allow production
of this oxidant at sites within the wood cell wall where enzymatic systems cannot
function. Reduced iron can then react with superoxide or it’s daughter product hydrogen
peroxide to generate hydroxyl radicals in close proximity to sites within the cell wall
where this action must occur for effective depolymerization of cellulose.
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This work helps to explain how free radicals are produced by fungi, particularly
the brown rot fungi, in the process of degradation of wood. An enhanced knowledge of
the mechanisms involved in microbial degradation of lignocellulose will potentially allow
us to better manage wood degradation and bioconversion. However, additional work is
needed to further explore the mechanisms involved in the enhanced Fenton reaction
observed when the Gt-chelator and certain model catechols are used to mediate these
reactions in vitro. The mechanism described could also function in other biological
systems where low pH environments may at least temporarily exist and where catecholate
compounds and iron bearing compounds are present or introduced.
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Chapter 4
THE EFFECT OF HYDROXYL RADICAL GENERATION ON FREE-RADICAL
ACTIVATION OF TMP FIBERS

4.1. Chapter Summary

The purpose of this work was to study the mechanisms involved in free radical
activation of Thermal Mechanical Pulp (TMP) fibers with the ultimate goal of developing
methods for bonding wood fiber without the use of traditional adhesives. The generation
of hydroxyl radicals in a mediated Fenton system was studied using Electron Spin
Resonance (ESR) spin-trapping techniques and indirectly through chemiluminescence
measurement. The activation of TMP fibers was also evaluated by ESR measurement of
free phenoxy radical generation on solid fibers. The results indicate that low molecular
weight chelators can improve Fenton reactions, thus in turn stimulating the free radical
activation of TMP fibers. However, it was also shown that excessive and prolonged free
radical treatment may cause the destruction of fiber phenoxy radicals. In conclusion, this
study demonstrates the potential for application, but also the complexity of free radical
chemistry in biological materials, especially with regard to the chelation of transition
metals and the interaction between free radicals.
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4.2. Introduction

Traditional methods for the manufacture of fiberboard involve the application of
thermosetting resins to lignocellulosic fibers. The fibers are then formed into a mat, with
the mat then being hot pressed into a fiberboard panel. Wood scientists have conducted
studies to determine if the ‘autobonding’ of wood fibers without synthetic resins can be
achieved (Linzell 1945, Stofko 1980, Kharazipour et al. 1998). Most of these
autobonding processes are based on the generation of radicals on the surface of fibers so
that the fiber can be pressed into boards without additional adhesives. The adhesion effect
is likely due to phenoxy radicals formed on the fiber surface that may facilitate hydrogen
bonding, the coupling of phenoxy radicals, or the reactions of fiber radicals with other
reactive groups present in the fibers during hot pressing (Zavarin 1984, Huttermann et al.
2001, Felby et al. 1997, Widsten and Laine 2002).

Several methods have been explored to generate free radicals on the surface of
fibers. One is to treat wood fibers with phenoloxidases such as laccases and peroxidases
(Huttermann et al. 2001, Felby et al. 1997, Widsten and Laine 2002, Felby et al. 1997,
Felby et al. 2002). Alternately, free radicals have also been generated by γ-irradiation or
with Fenton’s reagent (Widsten et al. 2003). Improved mechanical strength and thickness
swell of fiberboards has been observed in boards made from fibers treated with enzymes
or Fenton reagent (Felby et al. 2002, Widsten et al. 2003). It has been reported that the
enhanced auto adhesion between wood fibers is associated with increased laccase-
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generated phenoxy radicals (Widsten 2002, Felby et al. 1997). However, the mechanism
of free radical generation and interaction during the fiber treatment is still unclear.

In previous research, we demonstrated that an extracellular low molecular weight
chelator of benzoquinone or catecholate derivation may play an important role during
Fenton chemistry based, non-enzymatic wood decay processes (Goodell et al. 1997,
Goodell et al. 2002). We found that the low molecular weight chelators could assist in the
redox cycling of iron, which then in turn enhances the production of hydroxyl radicals via
Fenton chemistry. However, efforts to quantify the oxygen based free radicals in a model
Fenton system have been difficult due to the extremely unstable nature and short life-time
of the hydroxyl radical. In a previous study, electron spin resonance (ESR) and ESR spintrapping techniques were used to directly study iron chelation, hydroxyl radical
generation, and the involvement of other oxygen-based free radicals (Qian et al. 2002).
Chemiluminescence was observed during the Fenton or mediated Fenton reaction as well
(Rodriguez et al. 2001) and attributed to hydroxyl radical production. In our current
research, ESR and chemiluminescence analysis were used to study the various parameters
which will affect free radical (phenoxy radicals and oxygen based radicals) generation
during a chelator-mediated Fenton treatment of TMP fibers.
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4.3. Materials and Methods

4.3.1． Materials

Wood fibers: Three types of wood fibers were tested: Ponderosa pine (Pinus
ponderosa) Thermomechanical Pulp (TMP) fiber (MC ~10%) obtained as a gift from
Louisiana Pacific Corporation in Missoula, MT; Aspen (Populus tremuloides) TMP fiber
(MC ~10%); and southern yellow pine (Pinus taeda) TMP fiber (MC ~ 70%) obtained
from the USDA Forest Products Laboratory in Madison, WI.

Chemicals: FeCl2, FeCl3, CuCl2, H2O2, 2,3-dihydroxybenzoic acid (2,3-DHBA),
acetic acid, and sodium acetate were purchased from Sigma-Aldrich. Purified 5,5dimethyl-1-pyrroline-1-oxide (DMPO) was obtained from the National Biomedical EPR
center in Milwaukee, WI.

4.3.2． Determination of radical activity by chemiluminescence measurement

Reaction mixtures contained specified amounts of Fenton reagents and/or 2,3DHBA to allow a comparison of radical production in Fenton chemistry with and without
a reducing chelator added. Reactions were conducted in pH 5.0 acetate buffer, and H2O2
was added to the system last to trigger the reaction. The chemiluminescence
measurement was conducted continuously in a liquid scintillation counter (TriCarb 1400)
using the chemiluminescence protocol (Rodriguez et al. 2001).
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4.3.3． Determination of hydroxyl radical by ESR spin-trapping

The formation of free hydroxyl radicals during a Fenton or mediated Fenton
reaction was studied using ESR spin-trapping techniques. The purpose of the ESR spintrapping measurement was to study the correlation between fiber radical generation and
the free hydroxyl radical concentration in the system. Hydroxyl radicals were generated
by a Fenton type system in a reaction mixture consisting of Fe2+ or Cu2+, 2,3-DHBA, and
hydrogen peroxide. The spin trap (DMPO) was used to trap hydroxyl radicals. The
reaction mixture was then rapidly introduced into an aqueous flat cell and ESR
observations were begun. ESR spectra were recorded at room temperature. The yield of
the free hydroxyl radicals was determined by the formation of characteristic DMPO-OH
spectrum (Figure 4.1).

Figure 4.1 Typical ESR spectrum of a DMPO-OH spin adduct.
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All of the spin trap experiments in this work investigated the generation of
hydroxyl radicals by measuring the initial DMPO-OH adduct formation. To study the
hydroxyl radical activities over time, DMPO was added to the Fenton system after
incubation for a specified time. The ESR measurement was conducted immediately after
the addition of DMPO.

4.3.4． Determination of fiber radical activity by ESR measurement

Fiber Radical Formation: TMP fibers were treated with the Fenton-chelator
reagents at 5% consistency. Model chelator (2,3-DHBA) was added to enhance the
Fenton reaction and to produce a sustained production of hydroxyl radicals as outlined
previously (Goodell et al. 2002, Qian et al. 2002). The temperature of the suspension was
25°C, and the pH was adjusted to 4.5 using 20 mM acetate buffer. A range of reagent
concentrations was studied. H2O2 was added last to trigger the reaction in a complete
Fenton system. As most of the radical formation was obtained during the first 30 minutes
treatment (see Results and Discussion), a 30 minute treatment time was used in our ESR
experiments involving quantification of radicals unless otherwise stated. If not otherwise
discussed, each treatment as summarized below was conducted in duplicate, and the final
integration results were averaged.

Effect of wood type on radical formation: Three different fiber species were tested
in this work as outlined above. The relative radical concentration of untreated, Fenton
treated, and mediated Fenton in the treated fibers was measured and compared.
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Effect of chelator, Fenton reagent and treatment time on fiber radical formation:
In order to study the effect of the chelator, Fenton reagent and treatment time on the
formation of fiber radicals, the ponderosa pine TMP fiber was treated with Fenton and
the chelator mediated Fenton system at room temperature at 5% consistency for a time
period from 15 to 120 minutes.

Effect of metal type on fiber radical formation: The effect of two transition metals
(Fe2+ and Cu2+) on fiber radical formation was investigated. Ponderosa pine TMP fiber
was treated with either the Fenton system or the chelator-mediated Fenton system at
room temperature, and at 5% consistency for 30 minutes. The metal compounds used
were FeCl2 and CuCl2.

Stability of fiber radicals: The stability of fiber radicals over the time was
assessed by treating fibers first with the Fenton or mediated Fenton system and then
aging at room temperature or in a 100°C oven. The treated fibers were kept in standard
ESR tubes during aging and were exposed to the atmosphere.

Solid fiber preparation and ESR measurement of fiber radicals: After a specified
treatment and exposure period the fiber suspension was placed in a freezer. The frozen
samples were then lyophilized for 5 to 9 hours depending on the sample size, and
approximately 100 mg of lyophilized fiber was evenly packed into a φ3mm quartz ESR
tube for measurement. The ESR spectra were recorded at room temperature on a Bruker
EMX ESR spectrometer in the X-band range using a microwave frequency of ~9.8 GHz.
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If not otherwise discussed, the spectra were measured with a microwave power of 2 mW,
a modulation frequency of 100 kHz, and modulation amplitude of 1 G. Since the intensity
of the signal is proportional to the radical concentration, the relative concentration of
phenoxy radicals within or at the surface of lyophilized fibers can be obtained by double
integration of the first-derivative ESR signal. Figure 4.2 shows a typical ESR spectrum of
phenoxy radicals observed in this work.

Figure 4.2 Typical ESR spectra of phenoxy radicals on solid state fibers.

4.4. Results and discussion

4.4.1． Determination of radical activity by chemiluminescence measurement

Figure 4.3 illustrates the chemiluminescence produced by the Fenton and
mediated Fenton systems. The data clearly show that chemiluminescence emission in the
neat Fenton system lasted for less than 5 minutes, but the emission in the 2,3-DHBA
mediated Fenton system was sustained for a much longer period. The shape of the curves
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for the neat and mediated systems is also different. The neat Fenton system quickly
reaches a peak level of chemiluminescence that rapidly declined. The 2,3-DHBA
mediated system continues to increase suggesting a sustained production of long-lived as
opposed to short-lived radicals. It has previously been reported that the
chemiluminescence observed is directly associated with free hydroxyl radical activity in
the Fenton system (Rodriguez et al. 2001), however, our work suggests that, in the
presence of ligands such as 2,3-DHBA, longer lived radicals may be produced in addition
to the hydroxyl radical, resulting in the chemiluminescence pattern observed. The
interpretation of chemiluminescence data from the mediated Fenton reaction may be
more complex than initially reported (Rodriguez et al. 2001). It is difficult, using
chemiluminescence data alone, to differentiate between the continued generation of
hydroxyl radicals associated with the Fenton system and the possible generation of longer
lived radicals which may also be associated with the mediated Fenton system.

4.4.2. Determination of hydroxyl radical by ESR spin-trapping

Figure 4.4 compares the formation of hydroxyl radicals under different
experimental conditions as measured by the ESR spin-trapping technique. As shown,
treatment with a higher concentration of Fenton reagent to greater hydroxyl radical
formation, and the addition of DHBA also boosted the formation of hydroxyl radicals. In
Figure 4.4, under the “high conc.” condition, the Fenton reagent solution was 10 times
greater in concentration than the “low conc.” condition. However, the hydroxyl radical
formation in the “high conc.” treatment was only twice that of the “low conc.” treatment.
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This is probably due to the faster decay rate of hydroxyl radicals in “high conc.”
treatments. Alternatively it may be attributed to the order of chemical addition during
measurement since DMPO was added to the system last and, as hydroxyl radical
formation and decay is extremely rapid, some of the hydroxyl radicals may well have
been decayed prior to DMPO addition.
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Figure 4.3 Chemiluminescence of Fenton and mediated Fenton systems. Experimental
condition: pH 5.0 buffer 20mM, Fe(II) 1mM, H2O2 5mM, DHBA 1mM. Control-1:
buffer; Control-2: H2O2 and buffer; Fenton: Fenton, with iron and H2O2 only;
Fenton/DHBA: mediated Fenton, with iron, H2O2 and DHBA.

The effect of different metal species on hydroxyl radical generation was also
investigated in this study. Figure 4.5 shows the effect of H2O2 and DHBA on the
formation of hydroxyl radicals in the presence of copper. It appears that Cu2+ and H2O2
alone produce detectable amounts of hydroxyl radicals. However, comparing the same
concentration of Fe2+ and H2O2, the hydroxyl radicals produced in Cu2+/H2O2 system was
only about 6% the radicals produced in Fe2+ based Fenton system (data not shown). Pecci
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et al. (1997) gave a likely explanation of the hydroxyl radical generation with Cu2+ and

Hydroxyl radical activity (arb. units)

excessive H2O2, which are presented in the following reactions (EQ 1, 2 and 3).
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Figure 4.4 Relative formation of hydroxyl radical measured as the DMPO-OH spin
adduct. Low conc.: DMPO 10mM, buffer 20mM, Fe2Cl2 0.1mM, H2O2 0.5mM, (DHBA
0.1mM); High conc.: DMPO 10mM, buffer 20mM, Fe2Cl2 1mM, H2O2 5mM, (DHBA
1mM).
Cu2+ + H2O2 -> Cu+O2H + H+

(EQ 1)

Cu+O2H + H2O2 -> Cu+ + O2 + ·OH + H2O2

(EQ 2)

Cu+ + H2O2 -> Cu2+ + ·OH + OH-

(EQ 3)

Where EQ 2 is similar to the Haber-Weiss reaction (Wardman and Candeias 1996)
and EQ 3 is the copper-driven Fenton reaction. Figure 4.5 also shows that the formation
of hydroxyl radicals was inhibited by the addition of 2,3-DHBA, which may be due to the
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formation of the DHBA/Cu2+ complex, thus preventing the further reduction of Cu2+ by
H2O2. Alternately, 2,3-DHBA may be oxidized to form semiquinone radicals. Formation
of the semiquinone would effectively prevent further reduction of transition metals and
therefore limit the production of hydroxyl radicals.
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Figure 4.5 Relative formation of hydroxyl radical measured as the DMPO-OH spin
adduct. Experimental conditions: DMPO 10mM, pH4.5 acetate buffer 20mM, CuCl2 1
mM, H2O2 5 mM, DHBA 0.5 mM.

To study hydroxyl radical activity over time, two Fenton system based samples
with iron were prepared and their hydroxyl radical production was measured over time
(Figure 4.6). As shown in Figure 4.6, the amount of detected hydroxyl radicals decreased
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rapidly over time. It is consistent with Figure 4.3 that for the neat Fenton system, the
detectable free hydroxyl radical activity was sustained for less than one minute. In
contrast, the hydroxyl radical formation in the DHBA mediated Fenton system lasted
longer with continued detectable free hydroxyl radical generation after 15 minutes of
incubation. The reciprocal radical concentration (Figure 4.6, insert) as a function of time
indicated that radical decay proceeded through a second-order reaction. Compared to
Figure 4.3, Figure 4.6 shows that hydroxyl radical activity in the mediated Fenton system
decreased over time, where in Figure 4.3 the chemiluminescence-emission for the
mediated Fenton system increased at least for the first 30 minutes. This would be
consistent with the oxidation of a portion of the 2,3-DHBA in the system while at the
same time, the remainder of the ligand in solution would function to reduce metals with
the two reactions occurring simultaneously. Goodell et al. (2002) have suggested that the
oxidative breakdown of 2,3-DHBA by hydroxyl radical may provide a source of
electrons to cycle semiquinone forms of the molecule back to the hydroquinone state.
This would explain the non-stoichiometric increase in iron reduction by DHBA, and also
help to explain the increased hydroxyl radical production at the same time that other
longer-lived radical species are formed as observed in the chemiluminescence study. The
differences between the mediated Fenton reaction data in Figure 4.3 and 4.6 may also be
explained by the differences in the techniques used to detect radical activity. Whereas
the chemiluminescence method detects all radicals, the ESR spin trap method is specific
for hydroxyl radicals. Because the hydroxyl radicals are short-lived, not all of them will
react with the DMPO spin trap in solution, and the ESR method therefore underestimates
the amount of these radicals produced in the system.
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Figure 4.6 The formation of hydroxyl radicals over time in Fenton and mediated Fenton
reactions. DMPO was added to the system just before each measurement. Experimental
conditions: DMPO 10mM, pH 5.0 buffer 20mM, FeCl2 0.1mM, H2O2 0.5mM, (DHBA
0.1mM).

4.4.3. Determination of fiber phenoxy radicals by ESR measurement

In the following sections, the effect of Fenton reagent concentration, treatment
time, and fiber species on phenoxy radical formation in the fibers is presented. Since in
this study, the intent of treatment ultimately is to produce fiberboard at a specified time
after the treatment of fibers, an important aspect of this research was to monitor the
stability of the fiber radicals over time as well.
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The ESR spectra of untreated and treated solid fibers show a signal with no
hyperfine structure due to the heterogeneous natural of the solid fiber (Figure 4.2). In this
work, the characteristic g-values of the ESR spectra of treated and untreated fibers were
similar to those reported for phenoxy radicals (Widsten and Laine 2002, Hon 1992).

Figure 4.7 shows a typical ESR spectra for Fenton-treated and untreated fibers.
The increase of the ESR signal intensity is due to the formation of phenoxy radicals after
Fenton treatment. It is difficult to accurately quantify the radical activity of
heterogeneous organic compounds such as fibers, since there are many side reactions and
radical couplings, which can affect the radical concentration. Therefore, in the following
studies, the quantification of all free radical activity is presented as arbitrary units relative
to the concentrations of free radicals in other samples.

The three different fiber species outlined in the previous section were also tested
in this work. Phenoxy radicals were observed (Figure 4.8) in all three types of untreated
fiber, with Fiber 2 (southern pine TMP) having a slightly higher radical concentration.
The radicals present in the untreated fiber were probably induced by mechanical stress
during TMP production, or by UV radiation (Widsten and Laine 2002). Figure 4.8 also
shows that significantly increased radical formation was detected in all fiber types
following Fenton based treatment.

Among the three TMP fibers, Fiber 2, the southern pine TMP, shows the greatest
relative radical formation after treatment. The fiber radical content of Fiber 1 and 3 was
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increased only moderately by the Fenton treatment. More investigation is necessary to
study the exact effect of wood species on fiber radical formation.
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Figure 4.7 A typical ESR spectra of Fenton-treated and untreated fiber. Ponderosa pine
TMP fibers were treated at room temperature at 5% consistency for 30 minutes with
following chemicals: 20mM acetate buffer; 10mM H2O2; 2mM FeCl2.

We also observed that under the current treatment conditions (relatively high
concentrations of Fenton reagents), the mediated Fenton treatment resulted in less fiber
radical formation compared to the neat Fenton treatment (Figure 4.8). It is possible that
excessive and prolonged hydroxyl radical formation associated with the addition of
DHBA interfered with the formation of fiber radicals (see concentration effects below).

The relative concentrations of ponderosa pine TMP fiber radicals after different
treatments are compared in Figure 4.9. It shows that excessive hydroxyl radical may
actually inhibit the formation of fiber radicals. For example, the Fenton reagent
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concentration in treatment Cond 2 is only one-quarter of the chemical concentration used
in the treatment Cond 4. However, compared to Cond 4, the fiber radical formation in
Cond 2 is almost doubled for neat Fenton treatment and tripled for the mediated Fenton

Radical formation (arb. units)

treatment.
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Fenton treatment
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0
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Figure 4.8 Relative radical concentration of TMP fiber before and after a neat Fenton,
and a mediated Fenton treatment. Fiber 1: Ponderosa pine softwood TMP; Fiber 2: S.
yellow pine TMP; Fiber 3: Aspen TMP. The treatment was conducted at room
temperature at 5% consistency for 30 minutes. The chemical concentrations were: 20mM
acetate buffer; 20mM H2O2; 5mM FeCl2; and 2mM DHBA.
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Figure 4.9 Effect of treatment conditions on fiber radical formation. The treatment was
conducted at room temperature at 5% consistency for 30 minutes. The chemical dosage
used in each treatment was as follows: 1) Cond 1: 0.5 mM H2O2, 0.2 mM FeCl2, 0.1
mM DHBA; 2) Cond 2: 5 mM H2O2, 1 mM FeCl2, 0.5 mM DHBA; 3) Cond 3: 10 mM
H2O2, 2 mM FeCl2, 1 mM DHBA; 4) Cond 4: 20 mM H2O2, 5 mM FeCl2, 2 mM
DHBA.

Figure 4.9 also shows that the effect of the chelator (2,3-DHBA) on fiber radical
formation depends highly on the Fenton reagent concentration. With high dosages of
Fenton’s reagent (Cond 3 and Cond 4), treatments with DHBA led to less fiber radical
formation than the treatments without DHBA. This may be due to the excessive
generation of hydroxyl radicals by the mediated Fenton reaction, which may contribute to
the destruction of fiber radicals. In contrast, the addition of DHBA in the treatments with
the lower dosage of Fenton’s reagent actually increased the formation of fiber radicals
(Cond 1 and Cond 2).
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Figure 4.10 Effect of treatment time on fiber radical formation in ponderosa pine TMP
fiber. The treatment was conducted at room temperature at 5% consistency for the
specified periods of time. The chemical dosage used in each treatment was listed as
follows. T1: 20mM H2O2, 5mM FeCl2; T2: 20mM H2O2, 5mM FeCl2, and 2mM
DHBA; T3: 5mM H2O2, 1mM FeCl2; T4: 5mM H2O2, 1mM FeCl2, and 0.5mM DHBA.

Figure 4.10 shows the effect of treatment time on fiber radical formation. In both
the neat and chelator-mediated Fenton systems, fiber radicals were formed during the
first 15 minutes of the treatment, with the maximum radical formation being reached after
around 30 minutes of treatment. It also presents additional evidence suggesting that
excessive hydroxyl radical production could cause fiber radical destruction.

These results suggest that hydroxyl radicals cause the formation of phenoxy
radicals through the depolymerization and oxidation of lignocellulose compounds during
Fenton type treatment. However, hydroxyl radicals are also responsible for the
destruction of fiber radicals. For the treatments with low Fenton reagent load, the
majority of the hydroxyl radicals probably participate in the fiber radical forming
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reactions. The addition of DHBA leads to an increase in the formation of hydroxyl
radicals and this in turn leads to the increased formation of fiber radicals. For the
treatments with high Fenton reagent load, the greater number of hydroxyl radicals
produced probably causes the destruction of fiber phenoxy radicals.

Figure 4.11 shows the comparison of fiber radical formation between samples
treated with different metals (Fe2+ and Cu2+). Unlike the samples treated with the Fe2+
based Fenton system, there is only a very limited amount of fiber radical generated after
the Cu2+ based treatment. This is probably due to reduced hydroxyl radical formation in
the Cu2+ based Fenton-like reaction. Under the specified experimental conditions, the
addition of DHBA boosted the apparent fiber radical formation for the Fe2+ based
treatment. However, no definitive effect of addition of DHBA in the Cu2+ based system
was observed.

The stability of fiber radicals over time was assessed by treating fibers first with
the Fenton or mediated Fenton system followed by aging at room temperature or in a
100°C oven to simulate material fabrication conditions. The treated fibers were kept in
standard ESR tubes during aging and were exposed to the atmosphere. Figure 4.12 and
4.13 show the decay of fiber radicals over time at room temperature and at elevated
temperature respectively. As shown in Figure 4.12, at room temperature, the decay of
radicals in the two fibers followed a similar pattern. After 72 hours aging, about 20% of
the fiber radicals for both treatments had decayed. As discussed in previous work, the
decay likely involves coupling and disproportionation of fiber radicals (Widsten and
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Laine 2002). Figure 4.13 shows the decay pattern of fiber radicals aged at 100°C for up
to 60 minutes. It is apparent that the increased temperature greatly accelerates the rate of
fiber radical decay. Approximately 30% of the fiber radicals decayed after only 60
minutes aging at 100°C versus 0.5% to 1% fiber radical decayed after 60 minutes at room
temperature. The results above also indicate that fiber radicals generated by the mediated
Fenton treatment were more vulnerable to heat. Therefore, in fiberboard production,
lower temperature and quicker processing time during fiber preparation may help keep
the fiber radicals active.
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Figure 4.11 Relative phenoxy radical concentration of fibers before and after treatments
involving different transition metals. Ponderosa pine TMP fiber was treated at room
temperature at 5% consistency for 30 minutes. The chemical concentrations (based on
final mixture volume) were: 20mM acetate buffer; 5 mM H2O2; 1 mM metal
(Fe2+/Cu2+); and/or 0.5 mM DHBA.
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Figure 4.12 Decay of radicals at room temperature in the Fenton treated or mediated
Fenton treated ponderosa pine TMP fibers. The treatments were conducted at room
temperature at 5% consistency for 30 minutes. The chemical concentrations (based on
final mixture volume) were: 20mM acetate buffer; 5 mM H2O2; 1 mM Fe2+; 0.5 mM
DHBA.
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Figure 4.13 Decay of radicals in fibers aged at 100 °C. Fibers were from the same
treatment illustrated in Figure 4.12.
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4.4. Conclusions

The effect of different Fenton or mediated Fenton treatments on the generation of
fiber phenoxy radicals, and on the formation of free hydroxyl radicals was studied using
ESR techniques. Analysis of the radical generating mechanism in a 2,3-DHBA mediated
Fenton system suggests that the ligand oxidizes to the semiquinone and promotes iron
reduction. The reduced iron can then participate in Fenton reactions to produce hydroxyl
radicals.

With regard to fiber radical generation, it was demonstrated that the fiber radical
formation depends significantly on Fenton reagent type and concentration. High
concentrations of Fenton reagents may actually cause the destruction of fiber radicals.
The effect of wood type and treatment time on fiber radical formation was investigated as
well and showed that different wood species responded differently to the Fenton based
treatment, and a 30 minutes treatment time is optimal for most of the fibers. The stability
study of fiber radicals reveals that the fiber radicals generated by Fenton treatment decay
at a relatively slow rate at room temperature but decay rapidly when being heated, which
indicates that the activated fibers should be kept at relatively low temperature to maintain
fiber radicals activity in future fiberboard autobonding experiments.
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4.5. Future Research

The goal of this research was to explore the basic parameters which would affect
the production of high quality fiberboard without the use of synthetic resins. It has
previously been proposed that the phenoxy radicals present in activated fiber are
responsible for enhanced interfiber bonding. To verify the relationship between fiber
radicals and fiberboard physical properties, future research will focus on the manufacture
of fiberboard from activated fibers, and the test of the physical properties of fiberboards
produced.

The mechanism of fiber phenoxy radical formation is still not well understood.
Gierer et al. (1992) demonstrated the different pathways for formation of phenoxy
radicals using lignin models. However, the effect of Fenton type treatment on natural
lignin in the fiber requires additional study. The aim of the treatment ultimately will be to
generate appropriate amounts of hydroxyl radicals in the correct micro-sites, to maximize
fiber radical formation and minimize the fiber radical destruction.
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Chapter 5
DECOLORIZATION AND DEGRADATION OF DYES WITH MEDIATED
FENTON REACTION

5.1. Chapter Summary

A mediated Fenton system has been evaluated for decolorization of several types
of dyes. The result shows that the Fenton system with a dihydroxybenzoic acid (DHBA)
chelator-mediator effectively reduced the color of a diluted solution of Carta Yellow RW
liquid, Carta Yellow G liquid, and Cartasol Red 2GF liquid dye to a colorless level after
90 minutes of treatment with 100 μM Iron II (Fe[II]), 100 μM DHBA, and 10 mM
hydrogen peroxide (H2O2) at room temperature. Our results show that compared to a neat
Fenton process, the mediated Fenton decolorization process increased the production, and
therefore the effective longevity, of hydroxyl radical (.OH) species to increase the
decolorization efficiency. Our results suggest that application of this system would also
result in an increase in dissolved oxygen (DO) in solution, which in turn would result in
reduction of chemical oxygen demand (COD), biochemical oxygen demand (BOD), and
total organic carbon (TOC).

5.2. Introduction

The history of dyes is almost as long as that of human civilization. In recent
history, however, there has been a transition from the use of natural dyes to synthesized
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dyes concurrent with the development of modern technology. Synthesized dyes have
been used increasingly in the textile and paper industry because of their cost effectiveness,
stability, and color variety. Currently, there are approximately 3000 different dyes
available on the commercial market. Among them, azo dyes are the largest class of dyes
used in the industry. Other synthesized dyes include anthraquinone, triphenylmethane,
and sulfur dyes (Lubs 1970). Although these dyes help make our world more colorful, the
pollution problem caused by their release into the environment has received considerable
attention.

For many textile and paper finishing plants, removing color from industrial
effluents is a major issue in wastewater treatment. Biological treatment is a commonly
used method, and biodegradation of dyes by anaerobic and aerobic microorganisms has
been studied extensively over the past several decades (Chung and Steven 1992). Some
commonly used microorganisms in dye biodegradation include bacteria, actinomycetes,
yeasts, and fungi (Azmi et al. 1998, Banat et al. 1997, Paszczynski et al. 1991, Wong and
Yuen 1996). Recently, several researchers have also concentrated on enzymatic systems
for the decolorization and degradation of dyes during biotreatment (Cao 1993, Palma et al.
1998, Young and Yu 1997). However, for the more resistant synthetic dyes, costly
physical or physical–chemical decolorizing processes are often used as alternative
treatment methods. Physical and physical–chemical techniques that have been explored
for dye degradation include flocculation combined with flotation, electroflotation,
membrane-filtration, ion-exchange, irradiation, precipitation, and adsorption (Adams
1995, Banat et al. 1996, Huang 1994, Lin and Lin 1993, Ulker and Savas 1994).
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Although these techniques have been shown to be effective with some specific dyes, they
still have some shortcomings, which include high capital, operation, and maintenance
costs. Problems include excessive chemical use and sludge production, low color
reduction efficiency, and sensitivity to the variable composition of input streams (Banat
et al. 1996). Other approaches to the decolorization of dyes involve chemical oxidation
processes to remove color. Oxidative techniques are often used to treat colored
wastewater. Some commonly used chemical oxidants include chlorine and ozone
(Namboodri et al. 1994a, 1994b, Perkins et al. 1995, Strickland and Perkins 1995), UV
irradiation with hydrogen peroxide (H2O2) (Hosono et al. 1993, Safarzedeh-Amiri 1993,
Yang et al. 1998), Fenton’s reagent (Nakagawa et al. 1993, Spadaro 1994, Zhu et al.
1996), and combinations of these activators. Table 5.1 (Marechal et al. 1997, Namboodri
et al. 1994a, Yang et al. 1998) outlines a comparison of these processes.

For some mills, certain oxidation treatment schemes may be applicable. However,
none of the currently available oxidative processes is effective enough to be used
commonly for mills generating dye mixture wastes. Previous studies have shown that
active oxygen species may play a major role in many or most of these oxidation
processes. It is believed that free radicals, especially oxygen-based radical species, are
very active and strong oxidants that have the capability of breaking down dye molecules.
Nakagawa et al. (1993) studied the bleaching profiles of cyanine dyes exposed to a
controlled Fenton reaction. They found that hydroxyl radicals (.OH) and/or superoxide
radicals (.O2− ) were the primary radicals responsible for the bleaching of cyanine dyes.
However, these free radicals, especially the hydroxyl radical, typically have short
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lifetimes that limit their application. Safarzedeh-Amiri (1993), in his patent, described a
mediated Fenton method, which used the photolysis of ferric oxalate to repeatedly
generate iron II (Fe[II]) for Fenton’s reaction in the treatment of organic contaminants.

However, there were some drawbacks to this method, such as the competitive UV
absorption by byproducts, which reduced the efficiency of the treatment and limited the
concentration of contaminants that could be treated.

In this study, research using a mediated Fenton reaction for the oxidative
decolorization of dyes is presented. The basic approach uses a catecholate chelator, 2,3dihydroxybenzoic acid (DHBA), to mediate the Fenton reaction by regenerating fresh
Fe(II). The objective of our research was to develop a novel, effective oxidation process
for the decolorization of dyes.

5.3. Materials and Methods

5.3.1. Materials

Four liquid synthetic dyes from Clariant Corporation (Charlotte, North Carolina)
were used in this preliminary study. The trade names of the dyes used were Carta Yellow
RW liquid (Stilbene type), Carta Yellow G liquid (Stilbene type), Cartasol Red 2GF
liquid (Azo type), and Cartasol Turquoise K-RL liquid. For the mediated Fenton reaction,
ferrous sulfate heptahydrate was used as the iron source (Sigma, St Louis, Missouri).
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Hydrogen peroxide (30% w/w) and 2,3-dihydroxybenzoic acid (DHBA) were purchased
from Aldrich (Milwaukee, Wisconsin). All the stock solutions were prepared using
deionized water and the chemicals used without further purification.

Table 5.1 Comparison of decolorations based on active oxygen species
Process

Advantages

Disadvantages

NaOCl

- Simple equipment and process

- High toxicity

- rapid decolorization

- Salt formation

- Short reaction times

- High equipment cost

- No salt and sludge formation

- Not applicable for all dye types

O3

- No COD reduction
- Toxicity and hazard handling
UV/H2O2

- Short reaction time

- Not applicable for all dye types

- Reduction of COD

- Relatively high energy and

- No salt and sludge formation

equipment cost
- Limited production

Fenton

- Simple equipment and easy
operation

- Long reaction time
- Salt and sludge formation

- Reduction of COD (except
with reactive dyes)
- Increase of DO (dissolved
oxygen) in water
FSR*

- Simple equipment and easy
operation

- Salt formation
- Gas formation during electrolysis

- Reduction of COD (except
with reactive dyes)
- Increase of DO (dissolved
oxygen) in water
* FSR: Fenton Sludge Recycling System is an oxidative decolorization process applying Fenton
reaction and a subsequent sludge recycling stage.
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5.3.2．Decolorization by Mediated Fenton Reaction

All experiments were carried out at room temperature (23°C) in the dark. The
reaction mixtures contained 0.125 g/L liquid dye (8000 × dilution), 100 μM Fe(II), 100
μM DHBA, and 10 mM H2O2 in a final volume of 2 mL, unless otherwise noted. The pH
value of the diluted dyes was taken before adding any other chemicals, and the dyes were
used without pH adjustment. Hydrogen peroxide was added last to the mixture to initiate
the reaction. The control (unmediated Fenton reaction) contained the same chemicals
(except for DHBA) and was conducted under the same conditions as the mediated Fenton
reaction. Dye decolorization was measured as the change in absorbance between 250 and
800 nm by a Beckman 7400 diode array spectrophotometer.

5.4. Results and Discussion

Figures 5.1 through 5.4 show decolorization of Carta yellow G dye by the Fenton
system and the mediated Fenton system. After a one-minute incubation, both the Fenton
system and the DHBA-mediated Fenton system reduced the color of Carta yellow G dye
solution significantly (peak absorbance reduced from 1.3 to approximately 0.8) (Figure
5.1). However, the DHBA-mediated Fenton system possessed greater decolorization
efficiency (Figures 5.2, 5.3, and 5.4). After 90 minutes incubation, the sample treated
with the mediated Fenton system was almost colorless, while the absorbance of the
Fenton system control decreased only slightly. This is consistent with the previously
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observed serial reduction of iron and enhanced hydroxyl radical production described in
fungal degradation systems (Goodell et al. 1997 and 2000).
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Figure 5.1 Decolorization of CARTA YELLOW G dye after 1 minute incubation.

The decolorization of Cartasol red 2GF dye and Carta yellow RW dye followed
the same pattern as that of the Carta yellow G dye. However, the Cartasol brilliant
turquoise K-RL dye (Figures 5.5 through 5.8) was more recalcitrant to breakdown by free
radical treatment.
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Figure 5.2 Decolorization of CARTA YELLOW G dye by Fe(II) + H2O2 alone over time.
The results for the first three dyes are consistent with research by Nakagawa et al.,
(1993). In their research on dye bleaching by Fenton’s reagent, they suggested that there
are two reaction phases. In the first phase, ferrous iron (Fe[II]) reacts with H2O2 to
produce hydroxyl radicals. This is a very rapid reaction (eq 1). After most of the ferrous
iron is oxidized to ferric iron, the second phase of the reaction between Fe(III) and H2O2
occurs. Superoxide radical is the primary product in this relatively slow reaction phase
(eq 2). Previous studies (Marechal et al. 1997, Nakagawa et al. 1993, Spadaro 1994) have
shown that both .OH and .O2− are strong oxidants and can decolorize dyes effectively.

Fe(II) + H2O2 Æ Fe(III) + .OH + OH−

(eq 1)

Fe(III) + H2O2 Æ Fe(II) + .O2− + 2H+

(eq 2)
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Figure 5.3 Decolorization of CARTA YELLOW G dye by DHBA mediated Fenton
reaction over time.
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Figure 5.4 Comparison of CARTA YELLOW G dye decolorization by Fenton reagent vs.
chelator (DHBA)/Fenton system. See note for Figure 5.1 on max 414 nm, 389 nm.
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Figure 5.5 Decolorization of CARTASOL BRILLIANT TURQUOISE K-RL dye after 1
minute incubation.
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Figure 5.6 Decolorization of CARTASOL BRILLIANT TURQUOISE K-RL dye by
Fe(II) + H2O2 alone over time.
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Figure 5.7 Decolorization of CARTASOL BRILLIANT TURQUOISE K-RL liquid dye
by Fenton reagent and DHBA chelator.
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Figure 5.8 Comparison of CARTASOL BRILLIANT TURQUOISE K-RL liquid dye
decolorization by Fenton reagent vs. chelator (DHBA)/Fenton system.
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In our experiments, a mediator was used to reduce Fe(III) to Fe(II) continuously
to extend the faster first reaction phase. Decolorization with the mediated Fenton system
proceeded with much greater efficiency than with the unmediated Fenton system.
Another phenomenon observed during this experiment was the production of gas during
decolorization by the mediated Fenton system. There are two possible sources of the gas.

(1) Carbon dioxide (CO2): Using 14C-labeled dyes, Spadaro (1994) demonstrated that
hydroxyl radicals, which are generated via the Fenton reaction at low pH, could partly
degrade azo dyes to CO2. The DHBA itself is also partially oxidized to CO2, a process
that contributes to the multiple reduction of iron. Goodell et al. (2002) have also shown
the production of CO2 in the system.

(2) Oxygen (O2): Catalyzed by iron, superoxide radicals can react with hydrogen
peroxide to form oxygen and hydroxyl radicals (eq 3), which is called the iron catalyzed
Haber–Weiss reaction. The increase in dissolved oxygen after treatment with the Fenton
system also has been shown by Zhu et al. (1996) and Nakagawa et al. (1993).

O2− + H2O2 Æ O2 + .OH + OH−

.

(eq 3)

Goodell et al. (1997) have shown that a mediated Fenton system is active in the
“brown rot” fungi that actively decay wood. These fungi do not produce a full
complement of celluloytic enzymes and thus have developed nonenzymatic systems to
initiate depolymerization of at least the cellulosic components of the wood cell wall (Xu
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and Goodell 2001). The system we have described in this paper mimics the chelating
compounds produced by the brown rot fungi and, in part, replicates the nonenzymatic
system they use to efficiently generate hydroxyl radicals. This system may be modified to
allow application in other remediation systems and industrial processing (Goodell et al.
2000).

5.5. Conclusion

Hydroxyl radicals, which are generated in the Fenton or mediated Fenton
reactions, were able to rapidly oxidize most of the diluted dyes tested in this study.
Additional tests (chemical oxygen demand [COD], biochemical oxygen demand [BOD],
and total organic carbon [TOC]) and in-plant studies will be necessary to determine the
full potential of this treatment, but the preliminary results from this work suggest that
mediated Fenton’s reagent may have application in the decolorization of dyes in effluent
waters.

The results also show that decolorization using the mediated Fenton system is
much more effective than with the unmediated system. In most instances, the organic dye
decolorization reached 90% in 10 minutes with the chelator mediated Fenton process,
whereas the unmediated Fenton treatment under these experimental conditions achieved
only 50% organic dye decolorization in 60 minutes.
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The chelator-mediated Fenton process outlined in this work significantly reduces
the reaction time and increases the overall decolorization efficiency when reacted with
the azo- and stilbene-type dyes tested. The high efficiency of the system suggests its
potential for superior treatment technology in the textile and paper industries.
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